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Summary	
  
Schistosomiasis	
   is	
   one	
   of	
   the	
   most	
   devastating	
   parasitic	
   diseases	
   in	
   tropical	
  countries	
   and	
   remains	
   a	
   major	
   public	
   health	
   problem,	
   especially	
   in	
   Sub-­‐Saharan	
   Africa.	
   It	
   is	
   caused	
   by	
   blood	
   flukes	
   of	
   the	
   species	
   Schistosoma.	
  
Schistosoma	
   	
  haematobium,	
  S.	
  mansoni	
  and	
  S.	
   japonicum	
   are	
   the	
  main	
   species	
  responsible	
  for	
  the	
  largest	
  number	
  of	
  cases.	
  Chronic	
  schistosomiasis	
  is	
  caused	
  by	
   the	
   immunological	
   response	
   to	
   eggs	
   trapped	
   in	
   tissue	
   and	
   organs.	
   In	
   the	
  case	
  of	
  S.	
  mansoni,	
  eggs	
  get	
  trapped	
  in	
  the	
  gut	
  wall	
  and	
  liver,	
  leading	
  to	
  severe	
  tissue	
   destruction.	
   Treatment	
   with	
   praziquantel	
   (PZQ)	
   is	
   the	
   mainstay	
   of	
  morbidity	
  control.	
  PZQ	
  is	
  safe	
  and	
  efficacious,	
  but	
  it	
  is	
  the	
  only	
  available	
  drug.	
  Moreover,	
   it	
  has	
  a	
  major	
  efficacy	
  limitation	
  due	
  to	
  lacking	
  efficacy	
  on	
  juvenile	
  
Schistosoma	
   stages.	
   Hence	
   new	
   backup	
   drugs	
   are	
   strongly	
   required.	
  Antischistosomal	
   drug	
   discovery	
   has	
   been	
   neglected	
   for	
   a	
   long	
   time.	
   As	
   a	
  consequence,	
   the	
   antischistosomal	
   drug	
   pipeline	
   is	
   empty.	
   Technical	
  innovations	
   for	
   antischistosomal	
   drug	
   screening	
   and	
   new	
   promising	
   drug	
  candidates	
  are	
  urgently	
  needed.	
  	
  My	
  PhD	
  thesis	
  had	
  two	
  major	
  aims.	
  The	
  first	
  was	
  to	
  improve	
  the	
  drug	
  screening	
  process	
  by	
  evaluating	
  new	
  assays	
  and	
  readouts	
  and	
  by	
  refining	
  the	
  screening	
  cascade.	
  The	
  second	
  was	
  to	
  further	
  investigate	
  known	
  lead	
  compounds	
  and	
  to	
  identify	
  entirely	
  new	
  drug	
  candidates	
  and	
  chemical	
  scaffolds.	
  A	
  literature	
  review	
  conducted	
  at	
  the	
  beginning	
  of	
  my	
  PhD	
  thesis	
  revealed	
  that	
  clinical	
  trials	
  conducted	
  in	
  pediatrics,	
  are	
  mainly	
  concerned	
  with	
  antimalarials	
  and	
  only	
  3	
  %	
  are	
  dealing	
  with	
  schistosomiasis.	
  Especially	
  the	
  field	
  of	
  PK	
  trials	
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is	
  completely	
  neglected	
  and	
  the	
  importance	
  of	
  investigating	
  the	
  relationship	
  of	
  infections	
  and	
  PK	
  changes	
  was	
  emphasized.	
  	
  The	
   common	
  blood-­‐feeding	
   characteristic	
  of	
   schistosomes	
  and	
  Plasmodia	
   has	
  led	
   to	
   studies	
   with	
   antimalarial	
   drugs	
   against	
   schistosomes	
   in	
   recent	
   years.	
  Amongst	
   different	
   chemical	
   structures,	
   mefloquine	
   (MFQ),	
   a	
   4-­‐quinolinemethanol,	
  and	
  the	
  artemisinins,	
  with	
  their	
  distinct	
  peroxidic	
  scaffold,	
  qualified	
  as	
  leads	
  for	
  antischistosomal	
  drug	
  discovery.	
  The	
   in	
   vitro	
   and	
   in	
   vivo	
   antischistosomal	
   potential	
   of	
   selected	
   MFQ-­‐related	
  arylmethanols	
  was	
  characterized.	
  Furthermore	
  the	
  role	
  of	
  various	
  iron	
  sources	
  in	
  in	
  vitro	
  drug	
  activity	
  was	
  investigated	
  to	
  get	
  insights	
  into	
  the	
  mode	
  of	
  action	
  (MOA).	
   Pharmacokinetic	
   (PK)	
   and	
   pharmacodynamic	
   (PD)	
   properties	
   of	
   lead	
  candidates	
  were	
  explored	
  in	
  S.	
  mansoni	
  infected	
  and	
  uninfected	
  mice.	
  	
  The	
   class	
   of	
   4-­‐quinolinemethanols	
   revealed	
   the	
   best	
   in	
   vitro	
   activity	
   (IC50s	
   <	
  3.5	
   µM)	
   against	
   adult	
   schistosomes.	
   A	
   ten-­‐fold	
   increase	
   in	
   activity	
   was	
  observed	
   for	
   the	
   two	
   lead	
   4-­‐quinolinemethanols	
   (MFQ,	
   WR7930)	
   when	
  incubated	
  in	
  the	
  presence	
  of	
  hemoglobin.	
  High	
  worm	
  burden	
  reductions	
  (83	
  -­‐	
  100%)	
   were	
   observed	
   for	
   EP	
   (4-­‐pyridinemethanol)	
   and	
   WR7930	
   (4-­‐quinolinemethanol)	
   in	
  mice	
  harboring	
  adult	
  S.	
  mansoni	
  or	
  S.	
  haematobium.	
  EP	
  and	
  MFQ	
  were	
  selected	
  for	
  further	
  PK	
  investigations.	
  A	
  HPLC-­‐UV	
  method	
  was	
  successfully	
   validated	
   to	
   measure	
   the	
   two	
   drugs	
   of	
   interest	
   simultaneously	
  within	
   mouse	
   plasma.	
   The	
   migration	
   of	
   schistosomes	
   to	
   the	
   liver	
   after	
  treatment	
   with	
   active	
   drugs,	
   known	
   as	
   hepatic	
   shift,	
   was	
   delayed	
   for	
   both	
  drugs	
   (72	
   -­‐	
  168	
  h).	
  Dramatic	
   changes	
   in	
   the	
  drug	
  disposition	
  of	
  MFQ	
  and	
  EP	
  were	
  triggered	
  by	
  the	
  S.	
  mansoni	
  infection.	
  Increased	
  AUCs	
  and	
  half-­‐lives	
  led	
  to	
  slowed	
  drug	
  clearance.	
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Driven	
   by	
   these	
   promising	
   antischistosomal	
   properties	
   of	
   antimalarials	
   the	
  MMV	
   Box,	
   containing	
   200	
   drug-­‐like	
   and	
   200	
   probe-­‐like	
   compounds,	
   was	
  investigated.	
   Two	
   entirely	
   new	
   chemical	
   scaffolds,	
   the	
   diarylureas	
   and	
   the	
  dianilinoquinoxalines,	
   presented	
   excellent	
   in	
   vitro	
   activity	
   (IC50:	
   0.8	
   μM)	
   as	
  well	
   as	
   moderate	
   in	
   vivo	
   worm	
   burden	
   reductions	
   (WBR:	
   40.8	
   -­‐	
   52.5	
   %)	
  following	
  single	
  oral	
  drug	
  administration	
  in	
  S.	
  mansoni	
  infected	
  mice.	
  	
  To	
   pursue	
   the	
   active	
   peroxidic	
   scaffold	
   further,	
   various	
   promising	
   peroxide	
  classes-­‐	
   ozonides	
   (OZs),	
   3-­‐alkoxy-­‐1,	
   2-­‐dioxolanes,	
   tetraoxanes,	
   tricyclic	
  monoperoxides	
   and	
   alphaperoxides-­‐	
   were	
   tested	
   against	
   juvenile	
   and	
   adult	
  
S.	
  mansoni	
  stages.	
  Additionally	
  the	
  roles	
  of	
  iron	
  and	
  the	
  peroxidic	
  core	
  in	
  drug	
  activity	
  were	
  evaluated.	
  Promising	
   in	
   vitro	
   activity	
   on	
   both	
   stages	
   was	
   observed	
   for	
   the	
  alkoxydioxolanes.	
   However,	
   only	
   moderate,	
   non-­‐significant	
   activity	
   was	
  observed	
   in	
   vivo.	
   Iron	
   sources	
   did	
   not	
   alter	
   activity	
   on	
   schistosomes,	
  supporting	
   an	
   iron-­‐independent	
   MOA.	
   Non-­‐peroxidic	
   alkoxydioxolane	
  analogues	
  lacked	
  activity	
  against	
  both	
  parasites,	
  underlining	
  the	
  necessity	
  of	
  a	
  peroxide	
  functional	
  group.	
  	
  Investigations	
   on	
   the	
   three	
   new	
   peroxidic	
   classes	
   (tetraoxanes,	
   tricyclic	
  monoperoxides	
   and	
   alphaperoxides)	
   aimed	
   to	
   get	
   more	
   insights	
   on	
   the	
  structural	
  needs	
  of	
  peroxidic	
  drugs	
  for	
  antischistosomal	
  activity.	
  High	
  in	
  vitro	
  activitiy	
   was	
   revealed	
   on	
   the	
   schistosomular	
   stage,	
   but	
   decreased	
  susceptibilities	
   were	
   observed	
   on	
   the	
   adult	
   stage.	
   One	
   tetraoxane	
   and	
   one	
  tricyclic	
   monoperoxide	
   presented	
   good	
   in	
   vivo	
   activity	
   against	
   adult	
  
Schistosoma	
   infections	
   in	
  mice	
  but	
   lacked	
  efficacy	
  on	
   the	
   juvenile	
   infection	
   in	
  vivo.	
  A	
  non-­‐iron	
  dependent	
  activation	
  was	
  observed	
  for	
  these	
  classes	
  as	
  well.	
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Both	
   lead	
   candidates	
   represent	
   new	
   chemical	
   scaffolds	
   but	
   come	
   along	
  with	
  cytotoxicity	
   limitations.	
   Furthermore	
   both	
   compounds	
   are	
   at	
   the	
   very	
   early	
  stage	
   of	
   drug	
   development,	
   and	
   extensive	
   further	
   research	
   is	
   needed	
   for	
  successful	
   drug	
   development.	
   The	
   most	
   promising	
   peroxidic	
   lead	
   candidate	
  was	
  elucidated	
  amongst	
  the	
  OZs,	
  OZ418,	
  with	
  excellent	
  in	
  vivo	
  activity	
  in	
  both	
  juvenile	
  and	
  adult	
  Schistosoma	
  infections.	
  Additionally	
   we	
   were	
   interested	
   in	
   the	
   antischistosomal	
   activity	
   of	
   PZQ	
  derivatives	
   resulting	
   from	
   novel	
   organometallic	
   derivatization	
   strategies.	
  However	
  organometallic	
   ferrocenyl	
  PZQ	
  derivatives	
  presented	
  only	
  moderate	
  in	
  vitro	
  effects	
  against	
  adult	
  worms.	
  The	
  derivatization	
  of	
  PZQ	
  with	
  chromium	
  moieties	
   led	
   to	
   promising	
   in	
   vitro	
   results	
   but	
   has	
   so	
   far	
   shown	
   to	
   be	
  inefficacious	
  in	
  vivo.	
  	
  During	
   the	
   process	
   of	
   evaluating	
   this	
   broad	
   range	
   of	
   chemical	
   scaffolds	
   and	
  lead	
   candidates	
   we	
   worked	
   on	
   the	
   improvement	
   of	
   the	
   screening	
   cascade,	
  identifying	
  new	
  parameters	
  resulting	
  in	
  improved	
  in	
  vitro	
  -­‐	
  in	
  vivo	
  correlation,	
  evaluating	
  cut-­‐offs	
  and	
  their	
  impact	
  on	
  hit	
  decision	
  as	
  well	
  as	
  investigating	
  new	
  readout	
  tools	
   for	
  drug	
  screenings	
  assays.	
  During	
  the	
  work	
  of	
   this	
   thesis	
  an	
   in	
  vitro	
  motility	
   assay	
  based	
  on	
  S.	
  haematobium	
   schistosomula	
  was	
   successfully	
  developed.	
   Colorimetric	
   markers	
   were	
   evaluated	
   as	
   an	
   alternative	
   readout	
  technique,	
  but	
  no	
  promising	
  results	
  were	
  achieved	
  so	
  far.	
  	
  In	
   conclusion,	
   MFQ	
   and	
   EP	
   are	
   interesting	
   antischistosomal	
   lead	
   candidates,	
  however	
   their	
   extensive	
   half-­‐lives	
   and	
   slow	
   clearance	
   might	
   be	
   an	
   issue	
  regarding	
   the	
   strict	
   safety	
   profile.	
   In	
   general	
   antimalarials	
   presented	
   an	
  excellent	
   starting	
   point	
   for	
   antischistosomal	
   drug	
   discovery.	
   Amongst	
   the	
  peroxidic	
   classes,	
   OZ418	
   showed	
   great	
   potential	
   for	
   a	
   good	
   lead	
   candidate.	
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Screening	
   the	
   MMV	
   Box	
   elucidated	
   additionally	
   two	
   entirely	
   novel	
   chemical	
  scaffolds.	
   The	
   PK	
   trials	
   emphasized	
   strong	
   impacts	
   of	
   an	
   adult	
   Schistosoma	
  infection	
  on	
  PK	
  parameters	
  and	
  underlined	
  the	
  need	
  for	
  further	
  studies	
  in	
  that	
  field.	
   Finally	
   interesting	
   parameters	
   for	
   the	
   antischistosomal	
   drug-­‐screening	
  cascade	
  were	
  elucidated	
  in	
  the	
  course	
  of	
  this	
  thesis.	
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Table	
  of	
  Abbreviations	
  
	
   	
  
ADME	
   Absorption,	
  Distribution,	
  Metabolism,	
  Elimination	
  
AUC	
   Area	
  under	
  the	
  plasma	
  concentration	
  time	
  curve	
  
Cmax	
   Maximal	
  plasma	
  concentration	
  
CQ	
   Chloroquine	
  
CV	
   Coefficient	
  of	
  variation	
  
DnDI	
   Drugs	
  for	
  Neglected	
  Diseases	
  initiative	
  
EP	
   Enpiroline	
  
FQ	
   Ferroquine	
  
FWBR	
   Female	
  worm	
  burden	
  reduction	
  
HPLC	
   High	
  pressure	
  liquid	
  chromatography	
  
HTS	
   High-­‐Throughput	
  Screening	
  
IC50/90	
   Concentration	
  required	
  to	
  kill	
  50/90	
  %	
  of	
  the	
  parasites	
  
iFCS	
   Inactivated	
  fetal	
  calf	
  serum	
  
IS	
   Internal	
  standard	
  
KW	
   Kruskal-­‐Wallis	
  test	
  
LLOQ	
   Lower	
  limit	
  of	
  quantification	
  
MFQ	
   Mefloquine	
  
MMV	
   Medicines	
  for	
  Malaria	
  Venture	
  
MOA	
   Mode	
  of	
  action	
  
MW	
   Molecular	
  weight	
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NTDs	
   Neglected	
  tropical	
  diseases	
  
NTS	
   Newly	
  Transformed	
  Schistosomula	
  
OZ	
   Ozonide,	
  Synthetic	
  peroxide,	
  1,2,4-­‐trioxolane	
  
PCR	
   Polymerase	
  chain	
  reaction	
  
PD	
   Pharmacodynamic	
  
PK	
   Pharmacokinetic	
  
PPP	
   Public	
  Private	
  Partnership	
  
PZQ	
   Praziquantel	
  
QC	
   Quality	
  control	
  
RRE	
   Relative	
  recovery	
  
RSD	
   Relative	
  standard	
  deviation	
  
SAR	
   Structure-­‐activity	
  relationships	
  
SD	
   Standard	
  deviation	
  
SE	
   Standard	
  error	
  
t1/2	
   Elimination	
  half-­‐life	
  
Tmax	
   Time	
  to	
  achieve	
  maximal	
  plasma	
  concentration	
  
ULOQ	
   Upper	
  limit	
  of	
  quantification	
  
USFDA	
   US	
  Food	
  and	
  Drug	
  Administration	
  
UV	
   Ultra-­‐violet	
  light	
  
WBR	
   Worm	
  burden	
  reduction	
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1 Schistosomiasis	
  
1.1 Epidemiology	
  Schistosomiasis	
  is	
  an	
  infectious	
  disease	
  common	
  in	
  the	
  tropics	
  and	
  sub-­‐tropics,	
  and	
   is	
   caused	
   by	
   parasitic	
   blood-­‐dwelling	
   worms	
   of	
   the	
   genus	
   Schistosoma	
  (Gryseels	
   et	
   al.,	
   2006;	
   Molyneux	
   et	
   al.,	
   2005).	
   It	
   belongs	
   to	
   the	
   so-­‐called	
  neglected	
   tropical	
  diseases	
   (NTDs)	
  and	
  affects	
  primarily	
  poor	
  people	
   in	
   rural	
  settings	
   of	
   the	
   developing	
  world	
   (WHO,	
   2012,	
   2013b).	
   There	
   are	
   two	
  major	
  forms	
   of	
   schistosomiasis	
   –	
   hepatic	
   and	
   urogenital	
   –	
   caused	
   by	
   five	
   different	
  species	
  of	
  blood	
  flukes.	
  Hepatic	
  and	
  intestinal	
  schistosomiasis	
  is	
  mainly	
  caused	
  by	
  Schistosoma	
  mansoni	
   (occurring	
   in	
  Africa,	
   South	
  America	
   so	
  as	
   the	
  Middle	
  East)	
  and	
  S.	
   japonicum	
   (China,	
   Indonesia	
  and	
   the	
  Philippines).	
  The	
  urogenital	
  form	
   is	
   exclusively	
   caused	
   by	
   S.	
   haematobium	
   (Africa,	
   the	
   Middle	
   East)	
  (Gryseels	
  et	
  al.,	
  2006;	
  WHO,	
  2013b).	
  Two	
  further	
  human	
  species	
  are	
  S.	
  mekongi	
  (Laos	
   and	
  Cambodia)	
   and	
  S.	
   intercalatum	
   (rainforest	
   areas	
   of	
   central	
  Africa),	
  which	
  are	
  more	
  geographically	
  localized	
  (Figure	
  1)	
  (CDC,	
  2013).	
  According	
  to	
  last	
  figures	
  from	
  2003,	
  more	
  than	
  10	
  %	
  of	
  the	
  worlds’	
  population,	
  779	
   million	
   people,	
   lives	
   at	
   risk	
   for	
   infections	
   with	
   schistosomes	
   and	
   an	
  estimated	
  207	
  million	
  people	
  are	
  infected	
  with	
  at	
  least	
  one	
  of	
  the	
  Schistosoma	
  species	
   (Steinmann	
   et	
   al.,	
   2006).	
   Most	
   schistosomiasis	
   cases	
   worldwide	
   are	
  caused	
   by	
   S.	
   haematobium	
   (approx.	
   64	
   %)	
   and	
   S.	
   mansoni	
   (approx.	
   34%)	
  (Hotez	
  et	
  al.,	
  2006).	
  Based	
  on	
  the	
  latest	
  estimates	
  of	
  the	
  burden	
  of	
  disease,	
  schistosomiasis	
  causes	
  the	
   loss	
   of	
   3.3	
   million	
   DALYs.	
   To	
   note,	
   numbers	
   have	
   slightly	
   increased	
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compared	
  to	
  estimates	
  20	
  years	
  ago	
  and	
  could	
  have	
  a	
  great	
  uncertainty	
  range	
  (Murray	
  et	
  al.,	
  2012).	
  
	
  
Figure	
   1:	
   Distribution	
   of	
   the	
   five	
   human	
   Schistosoma	
   species	
   (S.	
  mansoni,	
  
S.	
  haematobium,	
  S.	
  japonicum,	
  S.	
  intercalatum	
  and	
  S.	
  mekongi).	
  The	
  prevalence	
  for	
   each	
   country	
   worldwide	
   is	
   indicated	
   by	
   the	
   color	
   code.	
   Adapted	
   from	
  (Gryseels	
  et	
  al.,	
  2006)	
  and	
  (WHO,	
  2013b).	
  
1.2 Biology	
  and	
  Lifecycle	
  Schistosomiasis	
   belongs	
   to	
   the	
   water-­‐borne	
   diseases.	
   Infections	
   take	
   place	
  following	
   contact	
   with	
   water	
   that	
   is	
   contaminated	
   with	
   the	
   infectious	
   larval	
  stage	
   (cercariae)	
   (Figure	
  2).	
  Typical	
   sources	
  of	
   infection	
  are	
  natural	
   streams,	
  ponds	
   and	
   lakes.	
   However,	
   environmental	
   changes	
   resulting	
   in	
   the	
  development	
  of	
  water	
  resources,	
  and	
  the	
  growth	
  and	
  migration	
  of	
  populations,	
  can	
  facilitate	
  the	
  spread	
  of	
  schistosomiasis	
  (Ross	
  et	
  al.,	
  2002).	
  Cercariae	
  enter	
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the	
   human	
   host	
   via	
   skin	
   penetration	
   within	
   minutes	
   (Haas	
   and	
   Haeberlein,	
  2009).	
  By	
  penetrating	
  the	
  skin	
  of	
  the	
  human	
  host,	
  cercariae	
  loose	
  their	
  forked	
  tail	
   and	
   convert	
   to	
   schistosomula	
   (Figure	
   3B).	
   The	
   schistosomular	
   stage	
  migrates	
   to	
   the	
   lungs,	
  where	
   they	
   transform	
   to	
   juvenile	
  worms.	
   From	
   there,	
  worms	
  continue	
  their	
  migration	
  via	
  the	
  venous	
  system	
  to	
  the	
  heart,	
  and	
  finally	
  reach	
   the	
   liver	
  where	
   they	
  mature	
   (within	
  4-­‐6	
  weeks	
  post	
   infection)	
   to	
  adult	
  male	
  and	
  female	
  worms	
  (Gryseels	
  et	
  al.,	
  2006).	
  Adult	
  schistosomes	
  are	
  1-­‐2	
  cm	
  in	
  length	
  and	
  have	
  separate	
  sexes.	
  The	
  thinner	
  and	
  longer	
  female	
  lives	
  within	
  the	
  gynaecophoric	
  channel	
  formed	
  by	
  the	
  male’s	
  body	
  (Figure	
  3	
  C)	
  (Gryseels	
  et	
  al.,	
   2006).	
   From	
   the	
   liver	
   and	
   through	
   the	
   vasculature,	
   they	
   reach	
   their	
   final	
  destinations	
  where	
   they	
  reside.	
  The	
   final	
  destinations	
  are	
  species	
  dependent:	
  the	
   paired	
   (male	
   and	
   female)	
   S.	
   mansoni,	
   S.	
   japonicum,	
   S.	
   intercalatum	
   and	
  
S.	
  mekongi	
   worms	
  migrate	
   to	
   the	
  mesenteric	
   venous	
   plexus	
   and	
   portal	
   vein,	
  whereas	
   S.	
   haematobium	
   species	
   reside	
   in	
   the	
   venous	
   system	
   around	
   the	
  bladder	
   (perivesical	
   venous	
   plexus).	
   Schistosomes	
   feed	
   on	
   host	
   blood	
   and	
  plasma	
   proteins	
   via	
   anaerobic	
   glycolysis.	
   Females	
   start	
   laying	
   hundreds	
   to	
  thousands	
   of	
   eggs	
   per	
   day	
   (Figure	
   3A)	
   (Gryseels	
   et	
   al.,	
   2006).	
   The	
   eggs,	
  containing	
  ciliated	
  miracidiae,	
  migrate	
  back	
  into	
  the	
  lumen	
  of	
  the	
  intestine	
  or	
  bladder	
   by	
   secreting	
   proteolytic	
   enzymes.	
   Eggs	
   that	
   get	
   trapped	
   within	
   the	
  tissue	
  during	
  migration	
   cause	
  an	
  ongoing	
  host	
   immune	
   response	
   resulting	
   in	
  pathological	
   tissue	
  changes	
  (Pearce	
  and	
  MacDonald,	
  2002).	
  Eggs	
  reaching	
  the	
  lumen	
  of	
   the	
   intestines	
   or	
   bladder	
   get	
   excreted	
   via	
   feces	
   or	
   urine	
   and	
   viable	
  miracidiae	
   hatch	
   upon	
   water	
   contact,	
   light	
   and	
   chemical	
   stimuli.	
   Miracidiae	
  penetrate	
   the	
   intermediate	
   snail	
   host	
   (S.	
  mansoni/	
   Biomphalaria	
   species;	
  
S.	
  haematobium/	
  Bulinus	
   species;	
   S.	
  japonicum/	
  Oncomelania	
   species).	
  Within	
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the	
  snail	
   the	
  miracidiae	
  go	
   through	
   two	
  generations	
  of	
   sporocysts	
   to	
  develop	
  into	
   cercariae,	
   which	
   finally	
   get	
   released	
   starting	
   the	
   lifecycle	
   all	
   over	
   again	
  (Figure	
   2)(Gryseels	
   et	
   al.,	
   2006).	
   For	
   this	
   work,	
   the	
   two	
   major	
   Schistosoma	
  species	
  of	
  interest	
  are	
  S.	
  mansoni	
  and	
  S.	
  haematobium.	
  	
  
	
  
Figure	
  2:	
  The	
  lifecycle	
  of	
  S.	
  mansoni:	
  (A)	
  Infected	
  snails	
  shed	
  cercariae,	
  which	
  penetrate	
  the	
  skin	
  of	
  the	
  human	
  host,	
  (B)	
  loose	
  their	
  forked	
  tail	
  and	
  transform	
  to	
   schistosomula.	
   (C)	
   They	
   migrate	
   to	
   the	
   lungs	
   and	
   develop	
   into	
   juvenile	
  worms.	
  (D)	
  From	
  there	
  juveniles	
  migrate	
  to	
  the	
  liver,	
  mature	
  and	
  start	
   laying	
  eggs	
  within	
  the	
  blood	
  vessels.	
  (E)	
  Eggs	
  migrate	
  back	
  into	
  the	
  gut	
  lumen	
  and	
  get	
  excreted	
  via	
  feces.	
  (F)	
  Following	
  water	
  contact	
  miracidiae	
  hatch	
  from	
  vital	
  eggs	
  and	
  (G)	
  infect	
  the	
  intermediate	
  host	
  snails.	
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Figure	
  3:	
  (A)	
  Egg	
  within	
  the	
  gut	
  of	
  a	
  female	
  S.	
  mansoni,	
  lateral	
  spine	
  visible.	
  (B)	
  Newly	
   transformed	
   schistosomula	
   (NTS)	
   and	
   a	
   forked-­‐tail,	
   lost	
   during	
  mechanical	
  transformation	
  of	
  cercariae.	
  (C)	
  Adult	
  S.	
  mansoni	
  worms,	
  a	
  female	
  (thin)	
  lays	
  in	
  the	
  gynaecophoral	
  channel	
  of	
  a	
  male	
  schistosome.	
  The	
  black	
  lines	
  visible	
  within	
  guts	
  represent	
  hemozoin,	
  a	
  degradation	
  product	
  of	
  digested	
  host	
  hemoglobin.	
  
1.3 Pathology	
  and	
  Clinical	
  disease	
  Schistosomiasis	
   develops	
   into	
   two	
   different	
   courses	
   of	
   disease.	
  Within	
   a	
   few	
  weeks	
  or	
  months	
  after	
  primary	
  infection,	
  acute	
  schistosomiasis	
  occurs.	
  Chronic	
  schistosomiasis	
   develops	
   mainly	
   in	
   people	
   experiencing	
   longstanding	
  infections	
  in	
  poor	
  rural	
  settings	
  (Gryseels	
  et	
  al.,	
  2006).	
  
1.3.1 Acute	
  schistosomiasis	
  Initially	
   urticarial	
   rash	
   (swimmers’	
   itch)	
   can	
   occur	
   as	
   an	
   early	
   symptom,	
  caused	
   by	
   the	
   skin	
   penetration	
   of	
   cercariae	
   (Bottieau	
   et	
   al.,	
   2006).	
   Acute	
  schistosomiasis,	
   also	
   known	
   as	
   Katayama	
   syndrome,	
   is	
   a	
   systemic	
  hypersensitivity	
   reaction	
  against	
   schistosomula	
  migration	
  and	
  egg	
  deposition	
  (Ross	
   et	
   al.,	
   2007).	
   The	
   acute	
   process	
   is	
   mostly	
   observed	
   as	
   a	
   feverish	
  
PhD	
  Thesis	
  |	
  Katrin	
  Ingram-­‐Sieber	
   	
   	
  Chapter	
  1	
  |	
  General	
  Introduction	
  
 -­‐	
  8	
  -­‐	
  
syndrome,	
   in	
   travelers	
   after	
   first	
   time	
   infection	
   or	
   in	
   individuals	
   exposed	
   to	
  heavy	
   reinfection	
   (Gryseels	
   et	
   al.,	
   2006;	
   Lambertucci	
   et	
   al.,	
   2013;	
  Ross	
   et	
   al.,	
  2007).	
  The	
  clinical	
  manifestations	
  of	
  the	
  acute	
  stages	
  are	
  species-­‐independent	
  (Barsoum	
  et	
  al.,	
  2013).	
  Clinical	
  symptoms	
  are	
  rather	
  non-­‐specific	
  and	
  likely	
  to	
  be	
   misdiagnosed.	
   They	
   involve	
   fever,	
   myalgia,	
   fatigue	
   and	
   respiratory	
  symptoms	
  (such	
  as	
  non-­‐productive	
  cough,	
   infiltrates	
   in	
  chest	
  radiography)	
   in	
  the	
  earlier	
  phase	
  and	
  abdominal	
   symptoms	
   in	
   the	
   later	
  phase.	
  This	
   symptom	
  chronology	
  matches	
  with	
  the	
  development	
  of	
  schistosomes	
  within	
  the	
  human	
  host,	
  from	
  the	
  lung	
  stage	
  to	
  the	
  liver	
  stage	
  (Bottieau	
  et	
  al.,	
  2006;	
  Gryseels	
  et	
  al.,	
  2006).	
   To	
   note,	
   acute	
   symptoms	
   are	
   rarely	
   observed	
   in	
   chronically	
   exposed	
  populations	
  with	
  S.	
  mansoni	
  and	
  S.	
  haematobium,	
  which	
  might	
  be	
  due	
  to	
  lack	
  of	
  diagnosis	
  (Gryseels	
  et	
  al.,	
  2006).	
  However	
  the	
  Katayama	
  syndrome	
  does	
  occur	
  in	
   previously	
   infected	
   S.	
   japonicum	
   cases,	
   and	
   is	
   manifested	
   by	
   severe	
  symptoms	
  (McManus	
  et	
  al.,	
  2010).	
  
1.3.2 Chronic	
  Schistosomiasis	
  	
  Chronic	
   disease	
   is	
   not	
   caused	
   by	
   adult	
   worms	
   but	
   by	
   a	
   host	
   response	
   to	
  accumulating	
   tissue-­‐trapped	
   eggs,	
   which	
   became	
   trapped	
   during	
   the	
  perivesical	
   or	
   peri-­‐intestinal	
   (depending	
   on	
   the	
   species)	
   migration	
   process	
  (Gryseels	
   et	
   al.,	
   2006;	
   Pearce	
   and	
  MacDonald,	
   2002).	
   The	
   immune	
   response,	
  induced	
   by	
   egg	
   antigens,	
   orchestrates	
   the	
   development	
   of	
   granulomatous	
  lesions,	
  which	
  are	
  composed	
  of	
  collagen	
  fibers	
  and	
  cells,	
  surrounding	
  the	
  egg.	
  As	
   trapped	
   eggs	
   die,	
   granulomas	
   resolve	
   leaving	
   fibrotic	
   plaques	
   (Boros	
   and	
  Warren,	
   1970;	
   Pearce	
   and	
   MacDonald,	
   2002).	
   Hence,	
   the	
   severity	
   of	
   clinical	
  outcomes	
  is	
  related	
  to	
  the	
  infection	
  intensity	
  as	
  well	
  as	
  the	
  individual	
  immune	
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response	
   (Gryseels	
   et	
   al.,	
   2006).	
   Organs	
   that	
   are	
   affected	
   in	
   chronic	
  schistosomiasis	
  depend	
  on	
  the	
  causative	
  Schistosoma	
  agents.	
  I	
  will	
  concentrate	
  in	
  this	
  introduction	
  on	
  the	
  outcome	
  of	
  S.	
  mansoni	
  and	
  S.	
  haematobium	
  since	
  the	
  focus	
  of	
   this	
   thesis	
   is	
  on	
   these	
   two	
  species.	
  To	
  note,	
  S.	
   japonicum,	
  S.	
  mekongi	
  and	
  S.	
  intercalatum	
  cause	
  similar	
  symptoms	
  as	
  described	
  for	
  S.	
  mansoni.	
  
• Genitourinary	
  schistosomiasis	
  
S.	
   haematobium	
   eggs	
   provoke	
   pathological	
   and	
   physiological	
   changes	
   of	
   the	
  vesical	
   and	
   ureteral	
   wall,	
   causing	
   hematuria	
   and	
   dysuria	
   as	
   common	
   early	
  symptoms	
   (Danso-­‐Appiah	
   et	
   al.,	
   2008;	
   Emukah	
   et	
   al.,	
   2012;	
   Gryseels	
   et	
   al.,	
  2006).	
  Hematuria	
  is	
  the	
  first	
  sign	
  of	
  the	
  established	
  disease,	
  appearing	
  two	
  or	
  three	
  months	
  post	
  infection	
  (Gryseels	
  et	
  al.,	
  2006;	
  Ross	
  et	
  al.,	
  2002).	
  However	
  serious	
   sequelae	
   of	
   persistent	
   S.	
   haematobium	
   infections	
   include	
   chronic	
  lesions,	
   which	
   evolve	
   into	
   bladder	
   fibrosis	
   and	
   calcification.	
   Consequently,	
  hydronephrosis	
   and	
   hydroureter	
   can	
   develop,	
   which	
   can	
   eventually	
   lead	
   to	
  kidney	
  failure,	
  illustrating	
  a	
  risk	
  factor	
  for	
  squamous	
  bladder	
  cancer	
  (Alibek	
  et	
  al.,	
   2012).	
   In	
   approximately	
   one	
   third	
   of	
   S.	
   haematobium	
   infected	
   women,	
  infections	
  causes	
  genital	
  disease	
  (Poggensee	
  and	
  Feldmeier,	
  2001;	
  Ross	
  et	
  al.,	
  2002).	
  	
  
• Hepatic	
  schistosomiasis	
  Chronic	
   S.	
   mansoni	
   infections	
   cause	
   hepatic	
   pathological	
   and	
   physiological	
  changes	
   in	
   infected	
   patients	
   leading	
   to	
   early	
   inflammatory	
   hepatic	
  schistosomiasis	
  and	
  late	
  fibrotic	
  schistosomiasis.	
  The	
  main	
  clinical	
  symptom	
  of	
  granulomatous	
   inflammation	
   is	
   hepatomegaly	
   in	
   children	
   and	
   adolescence	
  (Gryseels	
   et	
   al.,	
   2006;	
   Ross	
   et	
   al.,	
   2002).	
   Fibrotic	
   hepatic	
   schistosomiasis	
  develops	
   years	
   later	
   (Gryseels	
   et	
   al.,	
   2006).	
   Chronic	
   hepatic	
   schistosomiasis	
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leads	
   to	
   liver	
   cirrhosis,	
   portal	
   hypertension,	
   and	
   premature	
   death	
   (Danso-­‐Appiah	
   et	
   al.,	
   2013).	
   Due	
   to	
   liver	
   cell	
   functions	
   chronic	
   schistosomiasis	
   has	
  pharmacokinetic	
  (PK)	
  implications,	
  thus	
  varying	
  drug	
  profiles	
  occur	
  in	
  infected	
  patients	
   (el	
   Guiniady	
   et	
   al.,	
   1994;	
  Wilby	
   et	
   al.,	
   2013).	
   The	
   impact	
   of	
   chronic	
  schistosomiasis	
  on	
  PK	
  drug	
  profiles	
  has	
  been	
  studied	
  closer	
  in	
  the	
  framework	
  of	
   this	
   thesis	
   (see	
   Chapter	
   3).	
   Furthermore	
   S.	
   mansoni	
   infections	
   cause	
  intestinal	
  pathological	
  and	
  physiological	
  changes.	
  Schistosome	
  eggs	
  migrating	
  through	
   the	
   intestinal	
   wall	
   provoke	
   mucosal	
   granulomatous	
   inflammation	
  situated	
   mainly	
   in	
   the	
   large	
   bowel	
   and	
   rectum	
   (Figure	
   4).	
   This	
   leads	
   to	
  symptoms	
  such	
  as	
  chronic	
  or	
  intermittent	
  abdominal	
  pain	
  and	
  discomfort,	
  loss	
  of	
  appetite,	
  as	
  well	
  as	
  diarrhea	
  and	
  blood	
  in	
  stool	
  (Danso-­‐Appiah	
  et	
  al.,	
  2013;	
  Gryseels	
  et	
  al.,	
  2006).	
  	
  
	
  
Figure	
  4:	
   (A)	
  Liver	
   and	
   intestine	
   of	
   an	
   uninfected	
  NMRI	
  mouse.	
   (B)	
  Chronic	
  infected	
   liver	
   (7	
   weeks	
   post	
   infection)	
   as	
   well	
   as	
   an	
   inflamed	
   and	
   swollen	
  intestine	
  and	
  an	
  enlarged	
  spleen.	
  (C)	
  Schistosoma	
  pairs	
  residing	
  in	
  mesenterial	
  veins	
  (arrows	
  point	
  out	
  worms),	
  (D)	
  Adult	
  schistosome	
  within	
  a	
  pressed	
  liver.	
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1.4 Impact	
  of	
  Schistosomiasis	
  on	
  Public	
  Health	
  Schistosomiasis	
  has	
  been	
  associated	
  with	
  growth	
  retardation,	
  under	
  nutrition,	
  anemia,	
   possible	
   cognitive	
   and	
   memory	
   impairment	
   as	
   well	
   as	
   poor	
   work	
  productivity,	
  which	
   limit	
   the	
  potential	
  of	
   infected	
  populations	
  and	
  reduce	
  the	
  chance	
   to	
   combat	
   rural	
   poverty	
   (Gray	
   et	
   al.,	
   2011;	
   King,	
   2010;	
   King	
   and	
  Dangerfield-­‐Cha,	
   2008).	
   Improving	
   maternal	
   health	
   is	
   one	
   of	
   the	
   WHO	
  millennium	
  goals.	
  However,	
   in	
  Africa	
  alone	
  an	
  estimated	
  10	
  million	
  pregnant	
  women	
   are	
   infected	
   with	
   schistosomes.	
   Half	
   of	
   theses	
   women	
   consequently	
  develops	
  anemia,	
  which	
  causes	
  complications	
  during	
  pregnancy	
  including	
  low	
  birth	
   rate	
   and	
   increased	
   maternal	
   morbidity.	
   Furthermore	
   schistosomiasis	
  contributes	
   to	
   infertility	
   affecting	
   female	
   reproductive	
   health.	
   Women	
   who	
  have	
   urogenital	
   schistosomiasis	
   are	
   3-­‐4	
   times	
   more	
   susceptible	
   to	
   a	
   HIV	
  infection	
  (WHO,	
  2013b).	
  It	
  is	
  important	
  to	
  keep	
  in	
  mind	
  that	
  infectious	
  diseases	
  such	
   as	
   schistosomiasis	
   contribute	
   to	
   lifelong	
   impairment	
   in	
   already	
  disadvantaged	
  groups.	
  Acquiring	
  schistosomiasis	
  at	
  an	
  early	
  age	
  has	
  life-­‐	
  long	
  detrimental	
   consequences.	
   Therefore	
   sustainable	
   control	
   and	
   intervention	
  strategies	
   are	
   strongly	
   needed	
   to	
   reduce	
   the	
   impact	
   of	
   schistosomiasis	
   on	
  affected	
  people	
  (DCPP,	
  2008;	
  Hotez	
  et	
  al.,	
  2009).	
  
1.5 Diagnosis	
  To	
  date,	
   the	
   diagnostic	
   gold	
   standard	
   is	
   the	
  microscopic	
   detection	
   of	
   eggs	
   in	
  stool	
   (S.	
  mansoni	
   and	
   S.	
  japonicum)	
   or	
   urine	
   (S.	
  haematobium)	
   samples.	
   It	
   is	
  easy	
   to	
   identify	
   Schistosoma	
   eggs	
   and	
   to	
   define	
   the	
   species,	
   owing	
   to	
   their	
  characteristic	
   size	
   and	
   shape	
   with	
   a	
   lateral	
   (S.	
  mansoni)	
   or	
   a	
   terminal	
  (S.	
  haematobium)	
  spine	
  (Danso-­‐Appiah	
  et	
  al.,	
  2013;	
  Gray	
  et	
  al.,	
  2011;	
  Gryseels	
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et	
  al.,	
  2006).	
  Diagnosis	
  using	
  direct	
  wet	
  slides	
  is	
  not	
  very	
  sensitive.	
   If	
  no	
  eggs	
  are	
   found,	
   concentration	
   methods,	
   such	
   as	
   formalin-­‐based	
   sedimentation	
  technique,	
  filtration	
  or	
  centrifugation	
  should	
  be	
  utilized	
  to	
  detect	
  low	
  intensity	
  infections	
   (Gryseels	
  et	
  al.,	
  2006).	
  Quantitative	
  methods	
  are	
  recommended	
   for	
  epidemiological	
  purposes	
  and	
  control	
  programs	
  (Bergquist	
  et	
  al.,	
  2009;	
  Danso-­‐Appiah	
   et	
   al.,	
   2013).	
   For	
   intestinal	
   schistosomiasis	
   the	
   Kato-­‐Katz	
   method	
   is	
  commonly	
   used	
   as	
   a	
   quantitative	
   technique	
   (Booth	
   et	
   al.,	
   2003;	
   Katz	
   et	
   al.,	
  1972).	
  Further	
   fecal	
  diagnostic	
  methods	
   include	
  the	
  thick	
  smear	
  and	
  the	
  only	
  recently	
   applied	
   FLOTAC	
   technique	
   for	
   S.	
   mansoni,	
   which	
   needs	
   to	
   be	
  investigated	
  further	
  (Glinz	
  et	
  al.,	
  2010;	
  Knopp	
  et	
  al.,	
  2009;	
  Teesdale	
  and	
  Amin,	
  1976).	
   Egg	
   outputs	
   are	
   influenced	
   by	
   several	
   factors,	
   such	
   as	
   day-­‐to	
   day	
  (Engels	
   et	
   al.,	
   1996),	
   intra-­‐stool	
   and	
   seasonal	
   variation	
   and	
   environmental	
  conditions.	
  Hence	
  single	
  microscopic	
  examinations	
  of	
  stools	
  are	
  unreliable	
  and	
  egg	
   reduction	
   rates	
   should	
   not	
   be	
   over-­‐interpreted	
   as	
   a	
   measure	
   of	
   disease	
  (Danso-­‐Appiah	
   et	
   al.,	
   2013;	
   Enk	
   et	
   al.,	
   2008;	
   Gryseels	
   et	
   al.,	
   2006).	
   Antibody	
  based	
  assays	
  are	
  quite	
  sensitive.	
  A	
  monoclonal	
  antibody-­‐based	
  urine	
  dipstick,	
  which	
  detects	
   circulating	
   cathodic	
  antigen	
   (CCA),	
   is	
   available	
   for	
  diagnosis	
  of	
  the	
  infection	
  with	
  promising	
  results	
  (Coulibaly	
  et	
  al.,	
  2011;	
  Tchuem	
  Tchuente	
  et	
   al.,	
   2012).	
   Another	
   sensitive	
   diagnostic	
   technique,	
   mainly	
   available	
   in	
  European	
  reference	
  laboratories,	
  is	
  the	
  polymerase	
  chain	
  reaction	
  (PCR)	
  based	
  technique	
   (Enk	
   et	
   al.,	
   2012).	
   Further	
   clinical	
   diagnosis	
   options	
   are	
   the	
  ultrasound	
   for	
   pathological	
   changes	
   and	
   the	
   evaluation	
   of	
   clinical	
   symptoms	
  such	
   as	
   hematuria,	
   diarrhea	
   and	
   blood	
   in	
   stool.	
   These	
   options	
   are	
   not	
   very	
  sensitive	
   regarding	
   multiple	
   possible	
   causes	
   in	
   endemic	
   settings	
   (Danso-­‐Appiah	
   et	
   al.,	
   2013;	
   Gryseels	
   et	
   al.,	
   2006).	
   Finally,	
   antibody	
   detection	
   can	
   be	
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useful	
   in	
   a	
   few	
   specific	
   circumstances,	
   such	
   as	
   in	
   patients	
   with	
   Katayama	
  syndrome	
  who	
   are	
   not	
   yet	
   secreting	
   eggs,	
   however	
   its	
   application	
   is	
   limited	
  (Gray	
  et	
  al.,	
  2011).	
  
1.6 Intervention	
  and	
  Control	
  There	
   are	
   three	
   major	
   interventions	
   for	
   the	
   control	
   of	
   schistosomiasis	
  comprising	
   anthelmintic	
   drug	
   treatment,	
   sanitation	
   and	
   health	
   education	
  (Hotez	
  et	
  al.,	
  2006;	
  Rollinson	
  et	
  al.,	
  2012;	
  WHO,	
  2013b).	
  Chemotherapy	
  is	
  the	
  mainstay	
  of	
  control.	
  It	
  has	
  been	
  specified	
  by	
  the	
  WHO	
  as	
  most	
  rapid	
  and	
  cost-­‐effective	
   intervention,	
   to	
   prevent	
   and	
   reduce	
   morbidity	
   (“preventive	
  chemotherapy”)	
   due	
   to	
   schistosomiasis	
   (WHO,	
   2013a).	
   Since	
   2001,	
   a	
   WHO	
  resolution	
  (WHA	
  54.1)	
  officially	
  endorsed	
  preventive	
  chemotherapy	
  as	
  the	
  key	
  public	
  health	
  strategy	
  to	
  combat	
  schistosomiasis.	
  In	
  2006	
  the	
  target	
  population	
  was	
  expanded	
  (WHO,	
  2013a).	
  In	
  2010,	
  26	
  of	
  the	
  51	
  countries	
  where	
  large-­‐scale	
  treatment	
   for	
   schistosomiasis	
   was	
   required	
   were	
   implementing	
   treatment	
  programs.	
  Only	
  recently,	
  the	
  WHO	
  set	
  the	
  goal	
  to	
  improve	
  access	
  to	
  treatment,	
  with	
   an	
   estimated	
   235	
  million	
   people	
   to	
   be	
   treated	
   by	
   2018	
   (WHO,	
   2013a).	
  Praziquantel	
  (PZQ),	
  which	
  will	
  be	
  discussed	
  in	
  further	
  detail	
  below,	
  is	
  the	
  drug	
  of	
  choice	
  and	
  widely	
  administered	
  in	
  these	
  programs.	
  The	
  combination	
  of	
  morbidity	
  control	
  with	
  drug	
  treatment	
  and	
  complementary	
  public	
   health	
   interventions	
   is	
   also	
   termed	
   the	
   “integrated	
   control	
   approach”	
  (Knopp	
   et	
   al.,	
   2012;	
   Utzinger	
   et	
   al.,	
   2003).	
   Complementary	
   public	
   health	
  interventions	
   include	
   improving	
   the	
   sanitation	
   and	
   providing	
   safe	
   drinking	
  water,	
  but	
  also	
  mediating	
  hygiene	
  and	
  health	
  education	
  to	
  affected	
  populations	
  (Utzinger	
  et	
  al.,	
  2003;	
  WHO,	
  2013b).	
  Additionally,	
  vector	
  control	
  has	
  played	
  a	
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major	
   role	
   in	
   controlling	
   and	
   interrupting	
   transmission	
   by	
   utilizing	
  molluscicides	
  (Knopp	
  et	
  al.,	
  2012;	
  WHO,	
  2013a).	
  	
  
1.7 Chemotherapy	
  To	
   date	
   PZQ	
   is	
   the	
   drug	
   of	
   choice	
   against	
   all	
   Schistosoma	
   species.	
   Since	
   its	
  discovery	
  in	
  the	
  1970’s	
  by	
  Bayer,	
  it	
  has	
  been	
  the	
  main	
  drug	
  used	
  in	
  preventive	
  chemotherapy	
  and	
  will	
   remain	
   the	
  drug	
  of	
   choice	
   in	
   the	
  years	
   to	
   come	
   (Cioli	
  and	
  Pica-­‐Mattoccia,	
  2003;	
  Utzinger	
  and	
  Keiser,	
  2004;	
  WHO,	
  2006).	
  PZQ	
  is	
  used	
  at	
  a	
  dosage	
  of	
  40	
  mg/kg	
  and	
  a	
   frequency	
  that	
   is	
  defined	
  based	
  on	
  prevalence	
  (WHO,	
   2006).	
   PZQ	
   is	
   safe,	
   orally	
   active,	
   rapidly	
   absorbed	
   and	
   shows	
   a	
   rapid	
  onset	
  of	
  action	
  by	
  disrupting	
  the	
  Ca++	
  homeostasis	
  in	
  schistosomes,	
  leading	
  to	
  spastic	
   paralysis	
   caused	
   by	
   rapid	
   Ca++	
   influx	
   (Cioli	
   and	
   Pica-­‐Mattoccia,	
   2003;	
  Keiser	
   and	
   Utzinger,	
   2007a;	
   Utzinger	
   and	
   Keiser,	
   2004).	
   Oxamniquine	
   was	
  discovered	
  in	
  the	
  1960’s	
  by	
  Pfizer	
  and	
  has	
  been	
  used	
  in	
  schistosomiasis	
  control	
  programs	
   against	
   S.	
   mansoni	
   mainly	
   in	
   Brazil.	
   The	
   mode	
   of	
   action	
   is	
   well	
  understood:	
  the	
  nucleic	
  acid	
  metabolism	
  is	
  irreversibly	
  inhibited	
  by	
  alkylation.	
  The	
   third	
   antischistosomal	
   drug,	
   which	
   was	
   recommended	
   by	
   the	
   WHO,	
   is	
  metrifonate	
   (Figure	
   5).	
   This	
   organophorus	
   cholinesterase	
   inhibitor	
   was	
  already	
   introduced	
   in	
   the	
   1950’s	
   and	
   shows	
   good	
   activities	
   against	
  
S.	
  haematobium	
   after	
   three	
  oral	
  doses	
   (7.5	
  mg/kg	
  each)	
   (Danso-­‐Appiah	
  et	
  al.,	
  2008).	
  However	
  both	
  drugs	
  have	
  been	
  replaced	
  by	
  PZQ	
  because	
  of	
  its	
  superior	
  clinical,	
  economical	
  and	
  operational	
  profiles	
  (Cioli	
  and	
  Pica-­‐Mattoccia,	
  2003).	
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Figure	
  5:	
  Chemical	
  structures	
  of	
   the	
   three	
  known	
  antischistosomal	
  drugs	
  (1)	
  praziquantel,	
  (2)	
  oxamniquine	
  and	
  (3)	
  metrifonate.	
  
1.8 Need	
  for	
  new	
  drugs	
  The	
   number	
   of	
   people	
   treated	
   for	
   schistosomiasis	
   with	
   PZQ	
   in	
   preventive	
  chemotherapy	
  programs	
  has	
  almost	
  tripled	
  between	
  2006	
  and	
  2010.	
  However,	
  this	
   number	
   still	
   represents	
   only	
   13%	
   (35	
   million	
   people)	
   of	
   the	
   people	
  requiring	
  preventive	
  chemotherapy	
  for	
  schistosomiasis.	
  By	
  2018	
  the	
  WHO	
  set	
  the	
  goal	
  of	
  treating	
  an	
  estimated	
  235	
  million	
  people	
  (WHO,	
  2013a).	
  This	
  shift	
  in	
  global	
  health	
  policy	
  towards	
  expanding	
  preventive	
  chemotherapy	
  with	
  only	
  one	
   available	
  drug	
  places	
  new	
   selective	
  pressure	
  on	
   the	
  parasite,	
  which	
  may	
  accelerate	
  the	
  emergence	
  of	
  resistance	
  (Caffrey	
  and	
  Secor,	
  2011;	
  Fenwick	
  and	
  Webster,	
  2006).	
  Cure	
   rates	
   following	
   standard	
   single	
  40	
  mg/kg	
  oral	
  doses	
  of	
  PZQ	
  treatment	
  already	
  varied	
  substantially	
  across	
  clinical	
  studies	
  (Botros	
  and	
  Bennett,	
   2007;	
   Danso-­‐Appiah	
   et	
   al.,	
   2013;	
   Gryseels	
   et	
   al.,	
   2001).	
   Reduced	
  susceptibility	
   to	
   PZQ	
   was	
   detected	
   for	
   schistosomes	
   isolated	
   from	
   Egyptian	
  patients	
  who	
   failed	
   to	
   be	
   cured	
   (Ismail	
   et	
   al.,	
   1999).	
   The	
  major	
  weakness	
   of	
  PZQ	
  is	
   its	
   lack	
  of	
  activity	
  against	
   the	
  young	
  developmental	
  Schistosoma	
   stage.	
  This	
  might	
  explain	
  treatment	
  failures	
  in	
  areas	
  with	
  high	
  transmission	
  (Botros	
  and	
   Bennett,	
   2007;	
   Cioli	
   and	
   Pica-­‐Mattoccia,	
   2003;	
   Keiser	
   and	
   Utzinger,	
  2007a).	
   A	
   vaccine	
   as	
   an	
   alternative	
   control	
   tool	
   is	
   presently	
   not	
   available	
  (Keiser	
   and	
   Utzinger,	
   2007a;	
   Siddiqui	
   et	
   al.,	
   2011).	
   New	
   drugs	
   with	
   novel	
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modes	
  of	
  action	
  and	
  activity	
  against	
  all	
  Schistosoma	
  stages	
  or	
  drugs	
  that	
  would	
  be	
   eligible	
   for	
   combination	
   chemotherapy	
   are	
   therefore	
   urgently	
   needed	
  (Danso-­‐Appiah	
  et	
  al.,	
  2013;	
  Keiser	
  and	
  Utzinger,	
  2007a).	
  	
  
1.9 Challenges	
  in	
  compound	
  screening	
  Drug	
   discovery	
   for	
   schistosomiasis	
   has	
   been	
   limited,	
   even	
   when	
   compared	
  with	
  other	
  worm	
  diseases	
  (e.g.	
  nematodes)	
  for	
  which	
  the	
  animal	
  health	
  sector	
  plays	
   a	
   key-­‐role	
   in	
   drug	
   development	
   (Caffrey	
   and	
   Secor,	
   2011;	
   Geary	
   TG,	
  2009).	
  The	
  interest	
  in	
  drug	
  discovery	
  for	
  schistosomiasis	
  has	
  been	
  sidetracked	
  by	
   technological	
   limitations.	
   As	
   fully	
   defined	
   in	
   vitro	
   parasite	
   maintenance	
  systems	
  do	
  not	
  exist,	
  clonal	
  organisms	
  or	
  cell	
  lines	
  are	
  not	
  available	
  and	
  robust	
  reverse	
   genetic	
   tools	
   are	
   missing	
   (targeted	
   gene	
   disruption	
   and	
   transgenic	
  parasites).	
  Therefore	
  the	
  classic	
  target-­‐based	
  rational	
  drug	
  design,	
  the	
  applied	
  standard	
   by	
   the	
   pharmaceutical	
   industry,	
   is	
   not	
   feasible	
   for	
   schistosomes	
  (Caffrey	
  and	
  Secor,	
  2011).	
  However,	
  new	
  inventions	
  might	
  arise	
  in	
  the	
  future,	
  since	
  only	
   recently	
   genomes	
  and	
   comprehensive	
   transcriptome	
  profiles	
  were	
  investigated	
   for	
   Schistosoma	
   species	
   (Caffrey	
   and	
   Secor,	
   2011).	
   Yet	
   it	
   is	
  important	
  to	
  note,	
  that	
  most	
  FDA	
  approved	
  drugs	
  between	
  1999	
  and	
  2008	
  and	
  all	
   marketed	
   anthelmintics	
   were	
   discovered	
   by	
   phenotypic	
   screening	
   rather	
  than	
  by	
  target-­‐based	
  approaches	
  (Keiser	
  and	
  Utzinger,	
  2012).	
  
• In	
  vitro	
  systems:	
  In	
   vitro	
   systems	
   for	
   antischistosomal	
   drug	
   discovery	
   strongly	
   rely	
   and	
  concentrate	
   on	
   phenotypic	
   screenings	
   of	
   newly	
   transformed	
   schistosomula	
  (NTS)	
  and	
  adult	
  worms	
  based	
  on	
  microscopic	
  readouts	
  (Ramirez	
  et	
  al.,	
  2007).	
  To	
   date	
  mainly	
   NTS	
   are	
   used	
   as	
   starting	
  material	
   for	
   in	
   vitro	
   studies.	
   Large	
  
PhD	
  Thesis	
  |	
  Katrin	
  Ingram-­‐Sieber	
   	
   	
  Chapter	
  1	
  |	
  General	
  Introduction	
  
 -­‐	
  17	
  -­‐	
  
numbers	
   can	
   be	
   obtained	
   in	
   a	
   cost	
   effective	
   manner.	
   Their	
   use	
   reduces	
   the	
  need	
   for	
   animals,	
   following	
   the	
   3Rs	
   (reduce,	
   replace,	
   refine)	
   of	
   animal	
  protection	
   principles	
   (Keiser,	
   2010).	
   Partially	
   automated	
   phenotypic	
  screenings	
   have	
   been	
   studied	
   to	
   scale	
   up	
   the	
   throughput,	
   aiming	
   for	
   high-­‐throughput	
   systems	
   (HTS)	
   (Abdulla	
   et	
   al.,	
   2009).	
   To	
   quantify	
   phenotypes	
  objectively	
   a	
   variety	
   of	
   assay	
   readouts	
   have	
   been	
   explored,	
   often	
   taking	
  advantage	
  of	
  robotics	
  and	
  automated	
  image	
  acquisition	
  technologies	
  (Paveley	
  et	
   al.,	
   2012).	
   These	
   include	
   real-­‐time	
   monitoring	
   of	
   parasites’	
   motility	
   via	
  electrical	
   impendence	
   (X-­‐Celligence)	
   (Smout	
   et	
   al.,	
   2010),	
   isothermal	
  microcalorimetry	
   to	
   measure	
   heatflow	
   changes	
   (Manneck	
   et	
   al.,	
   2011),	
  fluorescence	
   based	
   motility	
   assays	
   with	
   propidium	
   iodide	
   and	
   fluorescein	
  diacetate	
  stainings	
  (Peak	
  et	
  al.,	
  2010)	
  or	
  fluorescent	
  labeled	
  albumin	
  ingested	
  by	
   the	
   parasites	
   (Holtfreter	
   et	
   al.,	
   2010)	
   as	
   well	
   as	
   colorimetric	
   metabolic	
  markers	
   such	
   as	
   Alamar	
   Blue®	
   (Mansour	
   and	
   Bickle,	
   2010).	
   However	
   all	
   of	
  these	
   quantitative	
   methods	
   still	
   need	
   further	
   investigations.	
   Nearly	
   all	
  described	
  systems	
  are	
  based	
  on	
  NTS	
  since	
  in	
  vitro	
  cultivation	
  of	
  the	
  adult	
  stage	
  is	
   still	
   not	
   possible.	
   Only	
   recently	
   the	
   first	
   target-­‐based	
   screenings	
   were	
  performed	
   with	
   thioredoxin/glutathione	
   reductase	
   (TGR)	
   and	
   peroxiredoxin	
  (Prx)	
  of	
  S.	
  mansoni	
  (Simeonov	
  et	
  al.,	
  2008).	
  In	
  the	
  framework	
  of	
  this	
  thesis	
  we	
  investigated	
  possible	
  in	
  vitro	
  assay	
  alternatives	
  and	
  possibilities	
  to	
  expand	
  the	
  drug	
  screening	
  on	
  S.	
  haematobium	
  (Chapter	
  2).	
  	
  
• In	
  vivo	
  systems	
  
S.	
  mansoni	
   is	
  the	
  Schistosoma	
  model	
  most	
  widely	
  used.	
   Its	
   life	
  cycle	
   is	
  easy	
  to	
  maintain,	
  with	
  mice	
   as	
   the	
   rodent	
   host	
   under	
   laboratories	
   conditions,	
   and	
   is	
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kept	
   in	
  many	
   institutions	
  worldwide.	
   S.	
   haematobium	
   however,	
   is	
  much	
   less	
  studied	
  as	
  it	
  is	
  difficult	
  to	
  grow	
  in	
  rodents	
  and	
  the	
  intermediate	
  host	
  snails	
  are	
  much	
  more	
   sensitive	
   to	
   laboratory	
   conditions	
   (Keiser,	
   2010).	
  Herewith	
   I	
  will	
  briefly	
   introduce	
   procedures	
   used	
   in	
   our	
   facilities	
   (for	
   more	
   details	
   see	
  Chapters	
   3-­‐5).	
   Animals	
   are	
   subcutaneously	
   infected	
  with	
   infectious	
   cercariae	
  harvested	
   from	
   infected	
   Biomphalaria	
   snails.	
   To	
   study	
   drugs,	
   animals	
   are	
  treated	
  either	
  21	
  days	
  post	
   infection	
  (to	
   target	
   the	
   juvenile	
  stage)	
  or	
  49	
  days	
  post	
  infection	
  (to	
  target	
  the	
  adult	
  stage).	
  Two	
  weeks	
  post	
  treatment,	
  worms	
  are	
  harvested	
   and	
   the	
   number	
   of	
   schistosomes	
   is	
   compared	
   in	
   treated	
   and	
  untreated	
   animals.	
   Schistosomes	
   are	
   obtained	
   and	
   counted	
  by	
   examining	
   the	
  mesenteric	
   veins	
   and	
   the	
   liver	
   for	
   the	
   presence	
   of	
   schistosomes	
   (Xiao	
   et	
   al.,	
  2007).	
   For	
   in	
   vitro	
   studies	
   on	
   adult	
   schistosomes,	
   worms	
   are	
   grown	
   and	
  harvested	
  as	
  described	
  (Keiser,	
  2010).	
  New	
  approaches	
   to	
   investigate	
   in	
  vivo	
  drug	
   effects	
   involve	
   in	
   vivo	
   imaging	
   of	
   schistosomes	
   (Krautz-­‐Peterson	
   et	
   al.,	
  2009;	
  Salem	
  et	
  al.,	
  2010).	
  	
  
1.10 Investigational	
   drugs:	
   current	
   antischistosomal	
  
drug	
  pipeline	
  Due	
   to	
   the	
   pressing	
   need	
   for	
   backup	
   drugs,	
   intensified	
   efforts	
  were	
   recently	
  made	
  in	
  the	
  field	
  of	
  antischistosomal	
  drug	
  discovery.	
  In	
  particular	
  academia	
  or	
  academic	
   consortia	
   aimed	
   to	
   fill	
   the	
   empty	
   antischistosomal	
   drug	
   pipeline	
  (Caffrey	
  and	
  Secor,	
  2011;	
  Keiser,	
  2010).	
  As	
  described	
  above,	
  antischistosomal	
  drug	
  discovery	
  still	
  relies	
  and	
  concentrates	
  mainly	
  on	
  phenotypic	
  screenings.	
  It	
  is	
   therefore	
   not	
   surprising	
   that	
   only	
   one	
   preclinical	
   lead	
   compound	
   resulted	
  from	
   target-­‐based	
   screenings,	
   namely	
   the	
   oxadiazole-­‐2-­‐oxides.	
   Furoxan,	
   the	
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lead	
   compound,	
   targets	
   the	
   redox	
   enzyme	
   thioredoxin-­‐glutathione	
   reductase	
  (TGR)	
  unique	
  to	
  schistosomes	
  and	
  is	
  currently	
  in	
  preclinical	
  testing	
  (Kuntz	
  et	
  al.,	
  2007;	
  Rai	
  et	
  al.,	
  2009;	
  Sayed	
  et	
  al.,	
  2008;	
  Simeonov	
  et	
  al.,	
  2008).	
  A	
  general	
  attractive	
   starting	
   option	
   for	
   drug	
   development	
   for	
   diseases	
   with	
   limited	
  resources	
  is	
  to	
  work	
  with	
  existing	
  drugs	
  termed	
  repositioning	
  or	
  repurposing	
  of	
  drugs	
  (Caffrey	
  and	
  Secor,	
  2011;	
  Dissous	
  and	
  Grevelding,	
  2011).	
  This	
  strategy	
  led	
   to	
   studies	
   with	
   marketed	
   antimalarials	
   against	
   S.	
  mansoni	
   (Keiser	
   et	
   al.,	
  2009;	
   Keiser	
   and	
   Utzinger,	
   2007b,	
   2012).	
  Worms	
   of	
   the	
   Schistosoma	
   species	
  and	
  Plasmodia,	
  the	
  parasite	
  causing	
  malaria,	
  are	
  both	
  blood-­‐feeding	
  parasites.	
  The	
   two	
   species	
   present	
   similarities	
   in	
   the	
   digestion	
   of	
   hemoglobin.	
   Both	
  diseases,	
   malaria	
   and	
   schistosomiasis,	
   are	
   often	
   co-­‐endemic,	
   especially	
   in	
  Africa.	
   Therefore,	
   finding	
   an	
   antimalarial	
   that	
   is	
   also	
   effective	
   against	
  schistosomiasis	
   would	
   be	
   optimal	
   in	
   co-­‐endemic	
   regions	
   (Caffrey	
   and	
   Secor,	
  2011).	
  	
  Mefloquine	
  (MFQ)	
  evolved	
  as	
  a	
  strong	
  lead	
  candidate	
  with	
  in	
  vitro	
  and	
  in	
  vivo	
  activities	
   against	
   juvenile	
   and	
   mature	
   worms	
   of	
   major	
   Schistosoma	
   species	
  (Keiser	
   et	
   al.,	
   2009;	
   Xiao	
   et	
   al.,	
   2009).	
   Recently,	
   its	
   efficacy	
   was	
   proven	
   in	
  clinical	
   trials	
   (Keiser	
   et	
   al.,	
   2010a).	
  The	
  mode	
  of	
   action	
   (MOA)	
  of	
  MFQ	
   is	
  not	
  fully	
   elucidated	
   yet.	
   However	
   several	
   studies	
   noted	
   extensive	
   morphological	
  disturbances	
  on	
  adult	
  schistosomes	
  (Keiser	
  et	
  al.,	
  2009;	
  Manneck	
  et	
  al.,	
  2010).	
  In	
  the	
   field	
  of	
  malaria	
  research	
   it	
  has	
  been	
  suggested	
  that	
  the	
  drug	
   interferes	
  with	
   the	
   hemoglobin	
   digestion,	
   leading	
   to	
   the	
   formation	
   of	
   toxic	
   heme-­‐drug	
  complexes	
   within	
   the	
   malaria	
   parasites	
   (Egan,	
   2008).	
   Schistosomes	
   also	
  produce	
   hemozoin	
   as	
   a	
   hemoglobin	
   degradation	
   product.	
   It	
   has	
   been	
   shown	
  that	
   quinolinemethanols	
   interfere	
   with	
   the	
   hemozoin	
   formation	
   within	
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S.	
  mansoni	
   and	
   that	
   inhibition	
   of	
   heme	
   aggregation	
   by	
   chloroquine	
   (CQ)	
  reduces	
  S.	
  mansoni	
  infections	
  in	
  mice	
  (Correa	
  Soares	
  et	
  al.,	
  2009;	
  Oliveira	
  et	
  al.,	
  2004;	
   Oliveira	
   et	
   al.,	
   2000).	
   Recently	
   the	
   inhibition	
   of	
   enolase,	
   important	
   for	
  glycolysis,	
   was	
   detected	
   for	
   MFQ	
   in	
   the	
   non	
   hematophagous	
   schistosomula	
  stage	
  (Manneck	
  et	
  al.,	
  2012).	
  	
  The	
  antischistosomal	
  activities	
  of	
  the	
  antimalarial	
  artemisinin	
  derivatives	
  were	
  extensively	
  studied	
  in	
  vitro,	
  in	
  vivo	
  and	
  in	
  several	
  clinical	
  trials	
  within	
  the	
  last	
  years	
   (Keiser	
   and	
  Utzinger,	
  2007b,	
  2012;	
   Sissoko	
  et	
   al.,	
   2009;	
  Utzinger	
  et	
   al.,	
  2001;	
  Xiao	
  and	
  Catto,	
  1989;	
  Xiao	
  et	
  al.,	
  2004).	
  Artesunate	
  and	
  artemether	
  show	
  activity	
   against	
   schistosomula	
   and	
   juvenile	
  worms,	
   presenting	
   an	
   interesting	
  candidate	
   for	
   combination	
   chemotherapy	
   with	
   PZQ	
   (Utzinger	
   et	
   al.,	
   2002;	
  Utzinger	
  et	
  al.,	
  2000).	
  To	
  note,	
  the	
  superior	
  efficacy	
  of	
  the	
  combination	
  remains	
  uncertain	
  and	
  has	
   to	
  be	
   investigated	
   further	
  (Danso-­‐Appiah	
  et	
  al.,	
  2013).	
  The	
  essential	
   1,2,4-­‐trioxane	
   core	
   of	
   the	
   artemisinins	
   offers	
   a	
   valuable	
   starting	
  chemical	
   scaffold	
   for	
  modifications.	
   Various	
   biopharmaceutical	
   shortcomings	
  of	
   the	
   semi-­‐synthetic	
   artemisinins	
   such	
   as	
   short	
   half-­‐life,	
   low	
   bioavailability	
  and	
   the	
   dependency	
   on	
   natural	
   raw	
   material,	
   led	
   to	
   the	
   investigation	
   of	
  synthetic	
  trioxolanes	
  (OZs)	
  as	
  antimalarials	
  (Vennerstrom	
  et	
  al.,	
  2004).	
  Several	
  sets	
   of	
   synthetic	
   peroxides	
   were	
   also	
   studied	
   against	
   schistosomes	
   and	
   a	
  potent	
  lead	
  candidate	
  was	
  identified	
  amongst	
  the	
  ozonides	
  (1,2,4-­‐trioxolanes)	
  (Keiser	
  and	
  Utzinger,	
  2007b,	
  2012;	
  Xiao	
  et	
  al.,	
  2007).	
  The	
  MOA	
  of	
  the	
  peroxides	
  against	
  Plasmodium	
  is	
  still	
  being	
  debated.	
  Inhibition	
  of	
   the	
   calcium	
   ATPase	
   (PfATP6)	
   and	
   interference	
   with	
   the	
   digestion	
   of	
  hemoglobin	
   have	
   been	
   proposed	
   (Keiser	
   and	
   Utzinger,	
   2012).	
   The	
  endoperoxide,	
   the	
   bridge	
  within	
   the	
   1,2,4-­‐trioxane,	
  might	
   undergo	
   reductive	
  
PhD	
  Thesis	
  |	
  Katrin	
  Ingram-­‐Sieber	
   	
   	
  Chapter	
  1	
  |	
  General	
  Introduction	
  
 -­‐	
  21	
  -­‐	
  
cleavage	
   by	
   heme	
   to	
   generate	
   free	
   carbon-­‐centered	
   radicals	
   or	
   carbocations,	
  which	
   then	
   alkylate	
   parasite	
   biomolecules	
   (Keiser	
   and	
   Utzinger,	
   2007b).	
  However,	
  a	
  metal-­‐independent	
  activation	
  has	
  also	
  been	
  suggested	
  (Keiser	
  and	
  Utzinger,	
   2012).	
   The	
   relationship	
   between	
   the	
   peroxidic	
   pharmacophor	
   and	
  antischistosomal	
  activity	
   is	
   largely	
  unknown.	
  Enhanced	
  activity	
  of	
  artemether	
  was	
   observed	
   when	
   incubated	
   with	
   additional	
   hemin,	
   supporting	
   an	
   iron-­‐dependent	
   activation	
   (Xiao	
   et	
   al.,	
   2001).	
   However,	
   considering	
   the	
   only	
  moderate	
  activity	
  against	
  adult	
  worms	
  and	
  the	
  good	
  activity	
  against	
  non-­‐blood	
  feeding	
  juveniles,	
  iron-­‐independent	
  mechanisms	
  might	
  be	
  involved	
  (Keiser	
  and	
  Utzinger,	
   2012).	
   Trioxaquines	
   (lead	
   candidate:	
   PA1259)	
   represent	
   another	
  chemical	
  class	
  combining	
   the	
  peroxidic	
  core	
  with	
   the	
  aminoquinoline	
  moiety.	
  However	
   no	
   comparable	
   oral	
   antischistosomal	
   effects	
   could	
   be	
   observed	
   in	
  terms	
   of	
   worm	
   burden	
   reduction	
   (Portela	
   et	
   al.,	
   2012).	
   Further	
   reported	
  interesting	
  preclinical	
  candidates	
  present	
  encapsulated	
  tatar	
  emetic	
  (to	
  note,	
  it	
  is	
  relatively	
  toxic)	
  in	
  liposomes	
  (de	
  Melo	
  et	
  al.,	
  2003)	
  and	
  the	
  cysteine	
  protease	
  inhibitor	
  (K11777)	
  (Abdulla	
  et	
  al.,	
  2007).	
  Both	
  candidates	
  showed	
  good	
  worm	
  burden	
  reductions	
  after	
  intra-­‐peritoneal	
  administration	
  but	
  have	
  not	
  yet	
  been	
  tested	
   orally,	
   which	
   is	
   one	
   of	
   the	
   crucial	
   requirements	
   for	
   antischistosomal	
  drug	
  candidates	
  (Keiser	
  and	
  Utzinger,	
  2007a).	
  A	
  myrrh	
  formulation	
  (Mirazid)	
  showed	
  promising	
  efficacies	
  in	
  clinical	
  trials	
  (Abo-­‐Madyan	
  et	
  al.,	
  2004;	
  Sheir	
  et	
  al.,	
  2001;	
  Soliman	
  et	
  al.,	
  2004),	
  but	
  the	
  result	
  could	
  not	
  be	
  confirmed	
  in	
  further	
  clinical	
   trials	
   (Barakat	
   et	
   al.,	
   2005;	
   Keiser	
   and	
   Utzinger,	
   2007a).	
   The	
  antileishmanial	
   drug	
   miltefosine	
   has	
   been	
   studied	
   in	
   S.	
   mansoni	
   infected	
  animals	
  and	
  yielded	
  good	
  worm	
  burden	
  reductions	
  after	
  multiple	
  oral	
  dosing.	
  However	
  shortening	
   the	
   treatment	
   time	
   from	
  5	
   to	
  3	
  day	
  resulted	
   in	
  a	
   lack	
  of	
  
PhD	
  Thesis	
  |	
  Katrin	
  Ingram-­‐Sieber	
   	
   	
  Chapter	
  1	
  |	
  General	
  Introduction	
  
 -­‐	
  22	
  -­‐	
  
efficacy	
   (Eissa	
   et	
   al.,	
   2011).	
   Studies	
  with	
  PZQ	
  derivatives	
   trying	
   to	
   overcome	
  the	
  PZQ’s	
  lack	
  of	
  activity	
  on	
  the	
  juvenile	
  stage	
  have	
  not	
  yet	
  succeeded	
  (Dong	
  et	
  al.,	
  2010;	
  Ronketti	
  et	
  al.,	
  2007).	
  	
  	
  
Table	
  1:	
  Worm	
  burden	
  reductions	
  (WBR)	
  on	
  different	
  S.	
  mansoni	
  stages	
  after	
  oral	
   administration	
   of	
   investigational	
   compounds	
   to	
   mice.	
   (¤ drugs	
   which	
  were	
   applied	
   intra-­‐peritoneal)	
   Red:	
   lacks	
   activity	
   (WBR	
   <40	
   %);	
   Blue:	
  moderate	
   activity	
   (WBR:	
   40-­‐80%);	
  Green:	
   good	
   activity	
   (WBR>80%),	
  Grey:	
  data	
  not	
  available.	
  Data	
  obtained	
  from:	
  (Abdulla	
  et	
  al.,	
  2007;	
  Botros	
  et	
  al.,	
  2004;	
  de	
  Melo	
  et	
  al.,	
  2003;	
  Eissa	
  et	
  al.,	
  2011;	
  Keiser	
  et	
  al.,	
  2009;	
  Portela	
  et	
  al.,	
  2012;	
  Sayed	
  et	
  al.,	
  2008;	
  Utzinger	
  et	
  al.,	
  2002;	
  Xiao	
  et	
  al.,	
  2007)	
  
Compound	
  
(Year	
  introduced)	
  
Dosage	
  
	
  
Stage	
  specifity	
  of	
  investigational	
  drugs	
  
against	
  S.	
  mansoni	
  in	
  mice,	
  WBR	
  (%)	
  	
   	
   Schistosomula	
   Juvenile	
   Adult	
  
7	
  -­‐	
  14	
  d	
   21	
  –	
  28	
  d	
   35	
  –	
  49	
  d	
  
	
  	
  	
  	
  Praziquantel	
  (1977)	
   1	
  	
  	
  x	
  400	
  mg/kg	
   15	
  %	
   5	
  %	
   95	
  %	
  
	
  	
  	
  	
  Artesunate	
  (1989)	
   3	
  	
  	
  x	
  150	
  mg/kg	
   	
  	
   67	
  %	
   24	
  %	
  
	
  	
  	
  	
  Artemether	
  (1999)	
   3	
  	
  	
  x	
  150	
  mg/kg	
   	
  	
   88	
  %	
   46	
  %	
  
	
  	
  	
  	
  Mirazid	
  (2001)	
   5	
  	
  	
  x	
  250	
  mg/kg	
   	
  	
   	
  	
   27	
  %	
  
¤Tartar	
  emetic	
  (2003)	
  	
   1	
  	
  	
  x	
  27	
  	
  	
  SB/kg	
   	
  	
   	
  	
   82	
  %	
  
¤K117777	
  (2007)	
  	
   14	
  x	
  25	
  	
  	
  mg/kg	
  	
   88	
  %	
   	
  	
   57	
  %	
  
	
  	
  	
  	
  OZ288	
  (2007)	
   1	
  	
  	
  x	
  400	
  mg/kg	
   	
  	
   95	
  %	
   52	
  %	
  
¤Furoxan	
  (2008)	
   5	
  	
  	
  x	
  10	
  	
  	
  mg/kg	
   	
  	
   88	
  %	
   94	
  %	
  
	
  	
  	
  	
  Mefloquine	
  (2009)	
   1	
  	
  	
  x	
  400	
  mg/kg	
  	
   90	
  %	
   100	
  %	
   100	
  %	
  
	
  	
  	
  	
  Nilutamide	
  (2010)	
   1	
  	
  	
  x	
  400	
  mg/kg	
   	
  	
   36	
  %	
   85	
  %	
  
	
  	
  	
  	
  Miltefosine	
  (2011)	
   5	
  	
  	
  x	
  20	
  	
  	
  mg/kg	
   91	
  %	
   76	
  %	
   95	
  %	
  
	
  	
  	
  	
  PA1259	
  (2012)	
   4	
  	
  	
  x	
  50	
  	
  	
  mg/kg	
  	
   	
  	
   53	
  %	
   40	
  %	
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Recently	
   the	
   hydantoin	
   derivative	
   nilutamide,	
   marketed	
   as	
   an	
   antiandrogen,	
  was	
  proven	
   to	
  show	
   interesting	
  antischistosomal	
  activities	
  on	
   the	
  adult	
  stage	
  (Keiser	
   et	
   al.,	
   2010b).	
   Additionally	
   various	
   natural	
   products	
   have	
   been	
  investigated	
  on	
  antischistosomal	
  activity	
  but	
  no	
  potential	
   lead	
  candidate	
  was	
  found	
  so	
  far	
  (Ndjonka	
  et	
  al.,	
  2013).	
  In	
  summary,	
  several	
  new	
  chemical	
  entities	
  have	
  been	
  studied	
  and	
  investigated	
  for	
   antischistosomal	
   potential	
   in	
   recent	
   years	
   (Table	
   1).	
   However,	
   few	
  compounds	
  were	
   really	
   promising	
   and	
   therefore	
   thorough	
   lead	
   optimization	
  and	
  SAR	
  studies	
  were	
  conducted.	
  Hence,	
   to	
  date	
   there	
   is	
  no	
  antischistosomal	
  drug	
   candidate	
   in	
   drug	
   development	
   (Phase	
   I,	
   II	
   and	
   III)	
   (Stefanakis	
   et	
   al.,	
  2012).	
  
1.11 Aim	
  and	
  objectives	
  Novel	
  drugs	
  for	
  the	
  treatment	
  of	
  schistosomiasis	
  are	
  urgently	
  needed.	
  There	
  is	
  no	
  vaccine	
  in	
  sight	
  yet	
  and	
  the	
  current	
  mainstay	
  of	
  morbidity	
  control	
  continues	
  to	
   be	
   preventive	
   chemotherapy	
   with	
   PZQ.	
   Since	
   these	
   programs	
   will	
   be	
  sustained,	
   expanded	
   as	
  well	
   as	
   extended	
   and	
   elimination	
   in	
   certain	
   endemic	
  areas	
   will	
   be	
   targeted,	
   development	
   of	
   resistance	
   to	
   PZQ	
   is	
   a	
   threat.	
   The	
  inactivity	
   of	
   PZQ	
   on	
   juvenile	
   Schistosoma	
   stages	
   demonstrates	
   alarming	
  shortcomings	
   of	
   the	
   drug	
   of	
   choice.	
   Furthermore,	
   drug	
   discovery	
   and	
  development	
   for	
   schistosomiasis	
   faces	
   several	
   challenges	
   and	
   limitations,	
  which	
  slow	
  down	
  the	
  research	
  progress.	
  Hence,	
  improving	
  screening	
  tools	
  and	
  screening	
  cascades	
  in	
  general	
   is	
  of	
  high	
  importance.	
  My	
  PhD	
  project	
  aimed	
  to	
  improve	
   antischistosomal	
   drug	
   screening	
   processes,	
   to	
   investigate	
   new	
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chemical	
   classes	
   as	
   well	
   as	
   optimize	
   lead	
   structures,	
   and	
   to	
   elucidate	
   the	
  impact	
  of	
  Schistosoma	
  infections	
  on	
  PK	
  parameters	
  of	
  drug	
  candidates.	
  	
  In	
  order	
  to	
  achieve	
  this	
  aim	
  the	
  following	
  objectives	
  were	
  defined:	
  1)	
   To	
  improve	
  antischistosomal	
  screening	
  tools	
  by	
  investigating	
  an	
  in	
  vitro	
  drug	
  screening	
  assay	
  using	
  S.	
  haematobium	
  schistosomula	
  (Chapter	
  2)	
  2)	
   To	
   elucidate	
   antischistosomal	
   lead	
   candidates	
   or	
   novel	
   chemical	
  scaffolds	
  amongst	
  compounds	
  with	
  promising	
  antimalarial	
  activity	
  such	
  as	
  mefloquine-­‐related	
   arylmethanols	
   and	
   compounds	
  within	
   the	
   open	
  access	
  MMV	
  malaria	
  box	
  (Chapter	
  3)	
  3)	
   To	
   assess	
   the	
   impact	
   of	
   a	
   chronic	
   S.	
  mansoni	
   infection	
   on	
   the	
   oral	
   PK	
  profiles	
   of	
   the	
   most	
   promising	
   arylmethanol	
   candidates	
   (mefloquine	
  and	
  enpiroline)	
  (Chapter	
  4)	
  4) To	
  investigate	
  the	
  antischistosomal	
  activity	
  of	
  various	
  peroxidic	
  classes:	
  aryl	
  ozonides,	
  3-­‐alkoxy-­‐1,2-­‐dioxolanes,	
  bridged	
  1,2,4,5-­‐tetraoxanes,	
  alphaperoxides,	
  and	
  tricyclic	
  monoperoxides	
  (Chapter	
  5)	
  5) To	
  explore	
  the	
  antischistosomal	
  potential	
  of	
  organometallic	
  derivatives	
  of	
  the	
  anthelmintic	
  PZQ	
  (Chapter	
  6)	
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1 General	
  Discussion	
  
Rationale,	
  Objectives	
  and	
  Key	
  findings	
  	
  The	
  major	
   aim	
   pursued	
   in	
   this	
   thesis	
   was	
   to	
   support	
   antischistosomal	
   drug	
  discovery	
   by	
   improving	
   the	
   screening	
   process	
   itself,	
   by	
   further	
   investigating	
  diverse	
   known	
   lead	
   compounds	
   and	
   by	
   identifying	
   entirely	
   new	
   chemical	
  scaffolds	
  for	
  the	
  empty	
  antischistosomal	
  pipeline	
  (Figure	
  1).	
  
	
  
Figure	
  1:	
  The	
  different	
  aspects	
  of	
  pre-­‐clinical	
  antischistosomal	
  drug	
  discovery	
  presented	
   here	
   were	
   tackled	
   in	
   my	
   PhD	
   thesis.	
   This	
   figure	
   highlights	
   the	
  interrelation	
   of	
   the	
   executed	
   objectives;	
   numbers	
   in	
   brackets	
   indicate	
   the	
  chapter	
   in	
   which	
   each	
   aspect	
   is	
   described.	
   (SAR:	
   Structure	
   Activity	
  Relationship;	
  MOA:	
  Mode	
  of	
  Action;	
  PK:	
  Pharmacokinetic)	
  	
  There	
   is	
   no	
   doubt	
   that	
   especially	
   drug	
   development	
   for	
   schistosomiasis	
   has	
  been	
   neglected	
   in	
   the	
   last	
   decades	
   (Caffrey	
   and	
   Secor,	
   2011;	
   Keiser	
   and	
  Utzinger,	
  2007a,	
  2012).	
  The	
  availability	
  of	
  praziquantel	
  (PZQ)	
  since	
  the	
  1970’s	
  as	
   a	
   safe,	
   affordable	
   and	
   single	
   oral	
   dose	
   drug,	
  which	
   has	
   not	
   presented	
   any	
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decrease	
   in	
   clinical	
   drug	
   efficacy	
   yet,	
   might	
   have	
   masked	
   the	
   interest	
   in	
  antischistosomal	
  drug	
  discovery	
  (Caffrey	
  and	
  Secor,	
  2011).	
  Various	
  challenges	
  for	
   research	
   on	
   schistosomes	
   such	
   as	
   the	
   parasite	
   itself,	
   its	
   complicated	
   lab	
  cultivation	
  and	
   the	
   lack	
  of	
  validated	
  HTS	
  screening	
  systems	
  contribute	
   to	
   the	
  deceleration	
   of	
   innovations	
   (Keiser,	
   2010;	
   Nwaka	
   et	
   al.,	
   2009).	
   Hence,	
   the	
  current	
  R&D	
  pipeline	
   for	
  schistosomiasis	
  remains	
  weak	
  and	
  potential	
  backup	
  drugs	
   should	
   be	
   identified	
   whilst	
   PZQ	
   is	
   still	
   effective	
   (Keiser	
   and	
   Utzinger,	
  2012).	
  	
  Initially	
   we	
   undertook	
   a	
   systematic	
   literature	
   review	
   to	
   identify	
   the	
   bigger	
  picture	
  of	
  needs	
  and	
  shortcomings	
  for	
  the	
  use	
  of	
  antiparasitic	
  drugs	
  in	
  at-­‐risk	
  populations,	
  infants	
  and	
  school-­‐aged	
  children	
  (Appendix	
  8.1).	
  As	
  expected,	
  the	
  minority	
  of	
  studies	
  (3%)	
  dealt	
  with	
  drugs	
   for	
  schistosomiasis.	
  Merely	
  one	
  PK	
  study	
  on	
  anthelmintics	
  was	
  identified,	
  underlining the total negligence of PK 
studies with antiparasitic drugs in infants and adolescents. Therefore it should 
be of high priority and future research interest to assess the impact of 
parasitic infections on the disposition kinetics of applied drugs (Botros et al., 
2011). A major requirement for a	
  fruitful	
  drug	
  pipeline is	
  the	
  improvement	
  of	
  available	
   tools	
   for	
   antischistosomal	
   drug	
   discovery.	
   To	
   contribute	
   to	
   this	
  requisite,	
   the	
   potential	
   use	
   of	
   S.	
  haematobium	
   schistosomula	
   for	
   drug	
  screenings	
   was	
   investigated.	
   A	
   schistosomula	
   assay	
   based	
   on	
   microscopic	
  readout	
   was	
   established	
   (Chapter	
   2).	
   However	
   it	
   was	
   not	
   possible	
   to	
   use	
  resazurin	
  as	
  a	
   robust	
  colorimetric	
   readout.	
  To	
  note,	
   in	
  general	
  we	
   found	
   that	
  colorimetric	
   markers	
   are	
   not	
   ideal	
   for	
   the	
   readout	
   of	
   schistosomula	
   drug	
  assays.	
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For	
   the	
   elucidation	
   of	
   new	
   chemical	
   scaffolds	
   and	
   lead	
   candidates	
   with	
  antischistosomal	
  activity,	
  we	
  focused	
  on	
  “low	
  hanging	
  fruits”:	
  repositioning	
  of	
  compounds	
   (Chapter	
   3,	
   marketed	
   antimalarials)	
   or	
   compounds	
   belonging	
   to	
  chemical	
   classes	
   with	
   known	
   antischistosomal	
   activity	
   (Chapter	
   5,	
   synthetic	
  peroxides;	
  Chapter	
  6,	
  PZQ	
  derivatives)	
  (Kraus,	
  2008;	
  Tobinick,	
  2009).	
  Only	
   recently	
   mefloquine	
   (MFQ)	
   was	
   identified	
   as	
   a	
   potent	
   new	
  antischistosomal	
   lead	
   candidate.	
   Thereafter	
   preclinical	
   studies	
   investigated	
  phenotypic	
   changes	
   of	
   the	
   parasites	
   after	
   MFQ	
   exposure,	
   activities	
   of	
   MFQ-­‐enantiomers,	
   combination	
   therapy	
   with	
   PZQ	
   and	
   provided	
   insights	
   into	
   the	
  mechanism	
  of	
  action	
  (MOA)	
  on	
  schistosomula	
  (Keiser	
  et	
  al.,	
  2009;	
  Keiser	
  et	
  al.,	
  2011;	
   Manneck	
   et	
   al.,	
   2010;	
   Manneck	
   et	
   al.,	
   2012).	
   Finally	
   its	
   efficacy	
   was	
  proven	
   in	
   clinical	
   trials	
   performed	
   in	
   S.	
   haematobium	
   patients	
   (Keiser	
   et	
   al.,	
  2010).	
   Therefore	
   MFQ	
   presented	
   an	
   optimal	
   lead	
   candidate	
   for	
   further	
  preclinical	
  investigations	
  such	
  as	
  SAR	
  and	
  MOA	
  studies.	
  Thereupon	
  nine	
  MFQ-­‐related	
   arylmethanols	
   belonging	
   to	
   the	
   quinolinemethanols,	
  pyridinemethanols	
   and	
   phenanthrenmethanols	
   were	
   selected	
   (Chapter	
   3.1).	
  The	
   class	
   of	
   4-­‐quinolinemethanols	
   was	
   found	
   to	
   be	
   the	
   most	
   active	
   class	
  against	
  schistosomes	
  in	
  vitro	
  and	
  the	
  4-­‐pyridinemethanols	
  were	
  identified	
  as	
  a	
  novel	
   class	
   with	
   antischistosomal	
   activity.	
   Interestingly	
   the	
   two	
   lead	
   4-­‐quinolinemethanols,	
  MFQ	
  and	
  WR7930,	
  showed	
  tenfold	
  decreased	
  IC50	
  values	
  when	
  incubated	
  in	
  the	
  presence	
  of	
  hemoglobin.	
  Possible	
  interference	
  with	
  the	
  hemozoin	
   formation	
   seems	
   therefore	
   very	
   probable	
   as	
   revealed	
   for	
   quinine	
  and	
  quinidine	
  recently,	
  being	
  likewise	
  4-­‐aminoquinolines	
  (Correa	
  Soares	
  et	
  al.,	
  2009).	
   The	
   4-­‐pyridinemethanols	
   did	
   not	
   alter	
   their	
   in	
   vitro	
   activity	
   in	
   the	
  presence	
  of	
  hemoglobin,	
  heme	
  or	
  red	
  blood	
  cells.	
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Among	
   the	
   arylmethanols	
   tested,	
   two	
   4-­‐quinolinemethanols	
   (WR7930,	
  MFQ)	
  and	
   one	
   4-­‐pyridinemethanol	
   (enpiroline	
   (EP)),	
   showed	
   excellent	
   in	
   vivo	
  activity	
  against	
  S.	
  mansoni	
  and	
  S.	
  haematobium	
  in	
  mice.	
  However	
  WR7930	
  has	
  been	
  described	
  as	
  mediator	
  of	
  phototoxicity.	
  Hence	
  EP	
  and	
  MFQ,	
  were	
  defined	
  as	
   lead	
   candidates,	
   presenting	
   excellent	
   oral	
   in	
   vivo	
   efficacy	
   against	
   major	
  
Schistosoma	
   species	
   and	
   adequate	
   safety	
   data	
   are	
   available	
   (Keiser	
   and	
  Utzinger,	
   2007a).	
   As	
   concluded	
   in	
   the	
   performed	
   literature	
   review	
  described	
  above,	
  only	
  very	
  little	
  is	
  known	
  about	
  the	
  impact	
  of	
  infection	
  on	
  PK-­‐profiles	
  of	
  applied	
   drugs.	
   Therefore	
   PK-­‐profiles	
   of	
   EP	
   and	
   MFQ	
   were	
   determined	
   in	
  infected	
  and	
  non-­‐infected	
  S.	
  mansoni	
  mice	
  (Chapter	
  4).	
  The	
  infection	
  triggered	
  an	
   increase	
   in	
  half-­‐life	
   and	
  AUC,	
   resulting	
   in	
   significantly	
   slower	
   clearance	
  of	
  both	
   drugs.	
   Rather	
   late	
   onsets	
   of	
   action	
   were	
   observed	
   for	
   both	
   drugs	
   (>3	
  days),	
  which	
  is	
  in	
  line	
  with	
  the	
  extensive	
  long	
  half-­‐lives	
  observed.	
  	
  The	
  confirmation	
  that	
  antimalarials	
  might	
  be	
  an	
   interesting	
  starting	
  point	
   for	
  antischistosomal	
   drug	
   discovery	
   paved	
   the	
   way	
   for	
   the	
   collaboration	
   with	
  MMV.	
  The	
   open	
   access	
  malaria	
   box,	
   containing	
  200	
  drug-­‐like	
   compounds	
   for	
  oral	
  application	
  and	
  200	
  probe-­‐like	
  compounds	
  with	
  proven	
  activity	
  against	
  P.	
  
falciparum,	
   was	
   investigated	
   in	
   vitro	
   and	
   in	
   vivo,	
   and	
   lead	
   candidates	
   were	
  characterized	
   further.	
   This	
   project	
   identified	
   two	
   entirely	
   new	
   chemical	
  scaffolds-­‐	
   the	
   N’-­‐N’-­‐diarylureas	
   and	
   2,3-­‐dianilinoquinoxalines	
   (Chapter	
   3.2).	
  Furthermore	
  new	
  insights	
  into	
  in	
  vitro-­‐in	
  vivo	
  and	
  PK-­‐PD	
  correlations	
  could	
  be	
  drawn	
  from	
  the	
  project,	
  discussed	
  in	
  detail	
  below.	
  	
  The	
   antischistosomal	
   activity	
   of	
   the	
   artemisinins	
   (especially	
   on	
   the	
   juvenile	
  parasite	
  stages)	
  with	
  their	
  distinct	
  peroxidic	
  scaffold	
  (1,2,4	
  trioxane)	
  has	
  been	
  known	
  for	
  quite	
  a	
  long	
  time	
  (Keiser	
  and	
  Utzinger,	
  2007b;	
  Utzinger	
  et	
  al.,	
  2007).	
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The	
  discovery	
  of	
  fully	
  synthetic	
  1,2,4	
  trioxanes	
  as	
  antimalarial	
  lead	
  candidates	
  prompted	
   investigation	
  of	
   the	
  ozonides	
  on	
   schistosomes	
   (Vennerstrom	
  et	
   al.,	
  2004;	
  Xiao	
  et	
  al.,	
  2007).	
  Previous	
  studies	
  elucidated	
  OZ288	
  as	
  a	
  lead	
  candidate	
  (Xiao	
   et	
   al.,	
   2007).	
   We	
   investigated	
   eleven	
   OZ288	
   analogs	
   in	
   SAR	
   studies.	
  OZ418	
  displayed	
  excellent	
  in	
  vivo	
  activity	
  on	
  juvenile	
  and	
  adult	
  S.	
  mansoni	
  and	
  
S.	
  haematobium	
  infections	
  in	
  mice	
  (Chapter	
  5.1).	
  Another	
  class	
  of	
   chemically	
  stable	
  cyclic	
  peroxides,	
  namely	
   the	
  3-­‐alkoxy-­‐1,	
  2-­‐dioxolanes,	
   has	
   previously	
   demonstrated	
   significant	
   in	
   vitro	
   antimalarial	
  activity	
  (Schiaffo	
  et	
  al.,	
  2011).	
  Hence	
  we	
  investigated	
  a	
  set	
  of	
  this	
  chemical	
  class	
  for	
   antischistosomal	
   activity.	
   These	
   compounds	
   revealed	
   interesting	
   in	
   vitro	
  activity	
   on	
   adult	
   schistosomes	
   and	
   NTS,	
   but	
   lacked	
   activity	
   on	
   juvenile	
   and	
  adult	
  S.	
  mansoni	
   infections	
   in	
  mice.	
  Non-­‐peroxidic	
   analogues	
  were	
   inactive	
   in	
  vitro,	
  underlining	
  the	
  necessity	
  of	
  the	
  peroxide	
  functional	
  group	
  as	
  an	
  essential	
  pharmacophor,	
   as	
   described	
   for	
   trioxolanes	
   (Xiao	
   et	
   al.,	
   2007).	
   However,	
  supplementation	
   of	
   the	
  medium	
  with	
   iron	
   sources	
   did	
   not	
   alter	
   the	
   in	
   vitro	
  activity,	
  supporting	
  a	
  non-­‐iron	
  dependent	
  mode	
  of	
  activation	
  (Chapter	
  5.2).	
  	
  Despite	
  the	
  evaluation	
  of	
  several	
  peroxidic	
  compound	
  classes	
  for	
  their	
  effect	
  on	
  schistosomes	
  in	
  recent	
  years,	
  only	
  little	
  is	
  known	
  on	
  the	
  relationship	
  between	
  the	
   peroxidic	
   structures	
   and	
   antischistosomal	
   activity.	
   Therefore,	
   three	
   new	
  peroxide	
   classes,	
   namely	
   bridged	
   1,2,4,5-­‐tetraoxanes,	
   alphaperoxides	
   and	
  tricyclic	
   monoperoxides,	
   were	
   investigated	
   in	
   vitro	
   and	
   in	
   vivo	
   against	
   S.	
  
mansoni.	
   High	
   activity	
   was	
   observed	
   on	
   the	
   schistosomular	
   stage	
   but	
   lower	
  susceptibility	
  was	
  documented	
  on	
  adult	
  worms.	
  As	
  noted	
  above,	
   studies	
  with	
  hemin	
   and	
   heme	
   supplemented	
   medium	
   indicated	
   that	
   antischistosomal	
  activation	
   of	
   peroxides	
   might	
   not	
   be	
   triggered	
   by	
   iron	
   porphyrins.	
   Two	
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compounds	
  (tricyclic	
  monoperoxide;	
  bridged	
  1,2,4,5-­‐tetraoxane)	
  revealed	
  high	
  worm	
   burden	
   reductions	
   in	
   the	
   chronic	
   but	
   only	
   moderate	
   activity	
   in	
   the	
  juvenile	
   S.	
   mansoni	
   mouse	
   model.	
   The	
   low	
   activity	
   of	
   the	
   3-­‐alkoxy-­‐1,	
   2-­‐dioxolanes,	
   tetraoxanes	
  and	
   tricyclic	
  monoperoxides	
  on	
   the	
   juvenile	
   stages	
   is	
  contrary	
   to	
   the	
   activity	
   profile	
   of	
   OZs	
   and	
   the	
   artemisinins	
   (Utzinger	
   et	
   al.,	
  2007;	
  Xiao	
  et	
  al.,	
  2007).	
  As	
  noted	
  before,	
  PZQ	
  shows	
  some	
  major	
  limitations	
  in	
  terms	
   of	
   efficacy,	
  most	
   importantly	
   its	
   lacking	
   activity	
   on	
   the	
   juvenile	
   stage.	
  Additionally	
   the	
   oral	
   drug	
   formulation	
   has	
   drawbacks:	
   Due	
   to	
   the	
   activity	
   of	
  only	
  one	
  enantiomer	
  (L-­‐PZQ)	
  of	
  the	
  racemate	
  in	
  use,	
  tablets	
  are	
  unnecessarily	
  large	
  in	
  size	
  and	
  bad	
  in	
  taste,	
  which	
  leads	
  to	
  decreased	
  compliance	
  especially	
  amongst	
  young	
  patients	
  (Meyer	
  et	
  al.,	
  2009;	
  Talaat	
  and	
  Miller,	
  1998).	
  In	
  order	
  to	
   overcome	
   these	
   drawbacks,	
   chemical	
   modifications	
   on	
   the	
   PZQ	
   structure	
  were	
  undertaken	
  in	
  recent	
  years,	
  without	
  success	
  (Dong	
  et	
  al.,	
  2010;	
  Liu	
  et	
  al.,	
  2012;	
  Ronketti	
   et	
  al.,	
  2007;	
  Woelfle	
  et	
  al.,	
  2011).	
  A	
   strategy	
   found	
   to	
  be	
  very	
  successful	
   for	
   antimalarial	
   drugs	
   was	
   the	
   synthesis	
   of	
   ferroquine	
   (FQ),	
   a	
  ferrocenyl	
  analogue	
  of	
  the	
  antimalarial	
  drug	
  chloroquine	
  (CQ),	
  as	
  FQ	
  is	
  active	
  on	
  CQ-­‐resistant	
  Plasmodium	
  falciparum	
  strains	
  (Dive	
  and	
  Biot,	
  2008).	
  With	
  this	
  in	
   mind,	
   derivatization	
   of	
   PZQ	
   with	
   ferrocenyl	
   moieties	
   was	
   executed.	
  However,	
   only	
   two	
   ferrocenyl	
   derivatives	
   showed	
   moderate	
   anthelmintic	
  activity	
   against	
   S.	
   mansoni	
   in	
   vitro.	
   Therefore	
   an	
   alternative	
   strategy	
   was	
  employed	
  by	
   organometallic	
   derivatization	
  on	
   the	
   aromatic	
   part	
   of	
   PZQ	
  with	
  the	
   help	
   of	
   a	
   Cr(CO)3	
   moiety.	
   An	
   impressive	
   antischistosomal	
   effect	
   was	
  achieved	
   on	
   adult	
   S.	
   mansoni	
   in	
   vitro,	
   yet	
   candidates	
   lacked	
   activity	
   in	
   the	
  
S.	
  mansoni	
  mouse	
  model	
  (Chapter	
  6).	
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In	
   this	
   discussion	
   section	
   of	
   my	
   PhD	
   thesis	
   I	
   would	
   like	
   to	
   discuss	
   several	
  important	
  findings	
  and	
  topics	
  in	
  a	
  general	
  and	
  broader	
  manner	
  since	
  objective	
  specific	
  facts	
  have	
  been	
  discussed	
  in	
  the	
  corresponding	
  chapters:	
  1. Considerations	
  on	
  antischistosomal	
  drug	
  screening	
  	
  2. Improvements	
  and	
  novel	
  ideas	
  for	
  future	
  antischistosomal	
  drug	
  screening	
  3. The	
  potential	
  of	
  investigated	
  novel	
  compounds	
  and	
  chemical	
  scaffolds	
  4. PK	
  studies	
  with	
  antischistosomal	
  drugs	
  	
  
1. Considerations	
  on	
  antischistosomal	
  drug	
  screening	
  	
  For	
  vigorous	
  antischistosomal	
  drug	
  discovery,	
  an	
   integrated	
  system	
  including	
  rational	
  chemical	
  synthesis	
  and	
  lead	
  optimization,	
  as	
  well	
  as	
  appropriate	
  drug	
  screening	
   strategies	
   is	
   required	
   (Caffrey	
   and	
   Secor,	
   2011;	
   Geary	
   TG,	
   2009;	
  Ramirez	
  et	
  al.,	
  2007).	
  To	
  date	
   the	
  phenotypic	
  whole-­‐organism	
  screening	
  with	
  microscopic	
   readout	
   is	
   the	
   core	
   tool	
   of	
   antischistosomal	
   drug	
   research.	
  However	
   it	
   has	
   shortcomings:	
   it	
   is	
   subjective,	
   labor	
   intensive	
   and	
   not	
   very	
  precise	
  (Manneck	
  et	
  al.,	
  2011).	
  Therefore	
  novel	
  readout	
  techniques	
  are	
  needed	
  and	
  are	
  currently	
  being	
  highly	
   investigated	
  (summarized	
   in	
   the	
   introduction)	
  (Caffrey	
  and	
  Secor,	
  2011).	
  	
  Although	
   most	
   pharmaceutical	
   R&D	
   departments	
   focus	
   on	
   rational	
   target-­‐based	
   drug	
   discovery,	
   this	
   is	
   only	
   slowly	
   emerging	
   in	
   antischistosomal	
   drug	
  research	
   (Kuntz	
   et	
   al.,	
   2007;	
   Sayed	
   et	
   al.,	
   2008).	
   The	
   target-­‐based	
   approach	
  represents	
   an	
   attractive	
   alternative	
   to	
   whole-­‐organism	
   strategies	
   (Geary	
   TG,	
  2009),	
   yet	
   the	
   path	
   from	
   target	
   identification	
   to	
   a	
   validated	
   target	
   assay	
   for	
  drug	
  screening	
  needs	
  intensive	
  funding	
  and	
  intense	
  basic	
  research	
  (Renslo	
  and	
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McKerrow,	
   2006).	
   In	
   the	
   current	
   situation,	
   the	
   classic	
   phenotypic	
   screen	
   is	
  most	
   likely	
  superior	
  to	
  the	
  target	
  based	
  approach	
  in	
  order	
  to	
   investigate	
  new	
  scaffolds.	
   To	
   note,	
  most	
  marketed	
   drugs	
  were	
   found	
   by	
   phenotypic	
   research	
  (Swinney	
  DC,	
  2011).	
  Efforts	
  to	
  identify	
  and	
  improve	
  screening	
  systems	
  have	
  nearly	
  exclusively	
  been	
  undertaken	
  on	
  the	
  schistosomular	
  stage	
   in	
  recent	
  years	
  (Mansour	
  and	
  Bickle,	
  2010;	
  Paveley	
  et	
  al.,	
  2012;	
  Peak	
  et	
  al.,	
  2010;	
  Smout	
  et	
  al.,	
  2010).	
  At	
  the	
  moment	
  it	
   is	
   the	
   only	
   Schistosoma	
   stage,	
   which	
   can	
   be	
   produced	
   in	
   large	
   numbers	
  without	
   the	
   direct	
   need	
   of	
   rodent	
   hosts	
   (Keiser,	
   2010).	
   Therefore	
  most	
   lead	
  candidates	
   identified	
   result	
   currently	
   from	
  screenings	
  on	
   schistosomula.	
  This	
  might	
   lead	
  to	
  the	
   loss	
  of	
  promising	
  scaffolds,	
  which	
  might	
  present	
  activity	
  on	
  the	
   adult	
   stage.	
   These	
   findings	
  were	
   observed	
   for	
   example	
   for	
   the	
  MMV	
  Box	
  screening	
   undertaken	
   in	
   this	
   PhD	
   thesis,	
   which	
   presented	
   different	
   hit	
  compounds	
   in	
   the	
   schistosomula	
  based	
   screening	
  versus	
   the	
   adult	
   screening.	
  Hence	
  the	
  ideal	
  screening	
  workflow	
  is	
  still	
  under	
  debate	
  (Abdulla	
  et	
  al.,	
  2009;	
  Mansour	
   and	
   Bickle,	
   2010).	
   If	
   only	
   small	
   sets	
   of	
   compounds	
   are	
   under	
  investigation,	
   screenings	
   on	
   both	
   parasite	
   stages	
   are	
   recommended.	
  Interestingly,	
  only	
  a	
  few	
  years	
  ago,	
  antischistosomal	
  drug	
  screening	
  was	
  based	
  exclusively	
  on	
  adult	
  screening	
  (Ramirez	
  et	
  al.,	
  2007).	
  But	
  at	
  the	
  end	
  of	
  the	
  day,	
  the	
  screening	
  of	
  thousands	
  of	
  compounds	
  has	
  to	
  be	
  feasible	
  and	
  operationally	
  manageable,	
   underlining	
   the	
   continued	
   eligibility	
   of	
   NTS	
   as	
   preliminary	
  screening	
   material.	
   Novel	
   in	
   vitro	
   cultivation	
   system	
   for	
   schistosomes	
   will	
  hardly	
   arise	
   in	
   the	
   near	
   future.	
   Additionally	
   no	
   animals	
   are	
   needed	
   for	
   NTS	
  production	
  following	
  the	
  3R	
  rule	
  (Brink	
  et	
  al.,	
  1977;	
  Caffrey	
  and	
  Secor,	
  2011;	
  Keiser,	
  2010).	
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2. Improvements	
   and	
   novel	
   ideas	
   for	
   future	
  
antischistosomal	
  drug	
  screening	
  	
  With	
  every	
  investigated	
  compound	
  set,	
  we	
  attempted	
  to	
  optimize	
  our	
  in	
  vitro	
  screening	
  cascade	
  by	
  defining	
  cut-­‐offs	
  for	
  further	
  preclinical	
  testing	
  as	
  well	
  as	
  improving	
   the	
   selection	
   of	
   candidates	
   for	
   in	
   vivo	
   experiments.	
   To	
   note,	
  expected	
  hit-­‐rates	
   are	
  highly	
  dependent	
   on	
   the	
   compound	
   set	
   characteristics	
  (e.g.	
  mode	
  of	
  action).	
  During	
  the	
  course	
  of	
  this	
  work,	
  we	
  observed	
  that	
  primary	
  screens	
  with	
  NTS	
   at	
   a	
  moderate	
   concentration	
   (≈	
   10	
   μM)	
   and	
  with	
   an	
   effect	
  determination	
   between	
   schistosomicidal	
   and	
   non-­‐lethal	
   effects	
   (in	
   other	
  words,	
   a	
   live/dead	
   screen)	
   might	
   be	
   more	
   beneficial	
   than	
   dose	
   dependency	
  studies	
  (IC50	
  value	
  determination).	
  The	
  outcome	
  of	
  the	
  two	
  screens	
  would	
  not	
  differ	
  greatly	
  but	
  the	
  throughput	
  would	
  increase.	
  For	
  the	
  adult	
  stage	
  the	
  onset	
  of	
  action	
  seems	
  to	
  represent	
  an	
  important	
  parameter	
  for	
  good	
  in	
  vitro-­‐in	
  vivo	
  correlations.	
  Studies	
  with	
  the	
  MMV	
  box	
  had	
  the	
  advantage	
  that	
  PK	
  profiles	
  of	
  compounds	
   were	
   characterized	
   before	
   in	
   vivo	
   studies	
   were	
   launched.	
  Interestingly	
  the	
  onset	
  of	
  in	
  vitro	
  action	
  clearly	
  correlated	
  with	
  in	
  vivo	
  findings,	
  since	
  only	
  very	
  fast	
  acting	
  drugs	
  presented	
  in	
  vivo	
  activity.	
  Hence,	
  the	
  in	
  vitro-­‐in	
  vivo	
  correlation	
  might	
  be	
  improved	
  by	
  screening	
  potential	
  drug	
  candidates	
  only	
  for	
  short-­‐term	
  exposure	
  (24h)	
  on	
  adult	
  worms	
  instead	
  of	
  the	
  standard	
  3-­‐day	
  assay.	
  Additionally	
   the	
  PK	
  study	
  of	
  MFQ	
  and	
  EP	
  gave	
   insights	
   into	
  PK-­‐PD	
  correlation.	
  Both	
  compounds	
  possessed	
  extensive	
  half-­‐lives	
  and	
  bioavailability,	
  which	
  made	
  only	
  late	
  in	
  vivo	
  onsets	
  of	
  action	
  possible.	
  This	
  finding	
  underlined	
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the	
   fact	
   that	
   early	
   PK	
   knowledge	
   will	
   help	
   enormously	
   regarding	
   lead	
  characterization.	
  	
  For	
  the	
  first	
  time	
  it	
  has	
  been	
  shown	
  that	
  S.	
  haematobium	
  schistosomula	
  can	
  be	
  used	
  for	
  drug	
  screenings.	
  However	
  the	
  maintenance	
  and	
  procedures	
  are	
  much	
  more	
   labor	
   intense	
   and	
   therefore	
   this	
   assay	
   is	
   only	
   recommended	
   for	
   lead	
  characterization.	
   The	
   use	
   of	
   colorimetric	
   markers	
   for	
   NTS-­‐based	
   drug	
  sensitivity	
   assays	
   had	
   significant	
   limitations,	
   such	
   as	
   high	
   variance	
   in	
   signal,	
  limited	
  number	
  of	
  NTS	
  per	
  well	
   and	
   lack	
  of	
  knowledge	
  of	
  whether	
  metabolic	
  inactivity	
   is	
   essential	
   for	
   antischistosomal	
   drug	
   effect.	
   It	
  was	
   not	
   possible	
   to	
  establish	
  a	
  standardized	
  assay	
  for	
  IC50	
  determination	
  (Master	
  Thesis,	
  Gordana	
  Panic,	
   2013).	
   As	
   described	
   in	
   another	
   study	
   before,	
   colorimetric	
   readouts	
  might	
   be	
   useful	
   as	
   a	
   yes/	
   no	
   filter	
   but	
   not	
   for	
   the	
   illustration	
   of	
   dose	
  dependency	
   (Mansour	
   and	
   Bickle,	
   2010),	
   therefore	
   further	
   investigations	
  should	
  be	
  pursued	
  in	
  future.	
  
No product	
  development	
  partnerships	
  (PDPs)	
  were	
  established	
  in	
  recent	
  years	
  that	
  focused	
  on	
  antischistosomal	
  drug	
  research	
  (Keiser,	
  2010;	
  Ridley	
  and	
  Kita,	
  2007).	
   The	
   efforts	
   during	
   this	
   work	
   to	
   establish	
   an	
   ongoing	
   and	
   feasible	
  screening	
  cascade	
   for	
   the	
  development	
  of	
  antischistosomal	
  drugs	
  brought	
  us,	
  amongst	
  others,	
  to	
  the	
  collaboration	
  with	
  MMV.	
  This	
  type	
  of	
  collaboration	
  is	
  in	
  my	
  opinion	
  a	
  very	
  important	
  and	
  fruitful	
  step	
  towards	
  a	
  more	
  productive	
  and	
  faster	
  drug	
  discovery	
  &	
  development.	
  In	
  this	
  way,	
  a	
  diversity	
  of	
  expertise	
  can	
  be	
  gathered	
  and	
  used	
  for	
  this	
  neglected	
  field	
  of	
  drug	
  development.	
  However	
  it	
  should	
  be	
  kept	
  in	
  mind	
  that	
  a	
  second	
  supporting	
  leg,	
  in	
  the	
  form	
  of	
  target	
  based	
  research	
  focusing	
  on	
  MOA	
  insights	
  and	
  resistance	
  development,	
  would	
  scale	
  up	
  antischistosomal	
  drug	
  research.	
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3. The	
   potential	
   of	
   investigated	
   novel	
   compounds	
   and	
  
chemical	
  scaffolds	
  	
  
Arylmethanols	
  The	
  investigation	
  of	
  MFQ-­‐related	
  arylmethanols	
  underlined	
  the	
  great	
  potential	
  of	
  4-­‐aminoquinolines	
  as	
  a	
  chemical	
  scaffold,	
  confirmed	
  the	
  moderate	
  activity	
  of	
  4-­‐phenanthrenmethanols	
   (halofantrine	
   etc.)	
   (Keiser	
   et	
   al.,	
   2009),	
   and	
  introduced	
   the	
  4-­‐pyridinemethanols	
  as	
  a	
  novel	
  and	
  promising	
  chemical	
  class.	
  One	
   of	
   the	
   two	
   lead	
   candidates,	
   WR7930	
   possesses	
   mild	
   to	
   phototoxic	
  properties	
  and	
  an	
  extensive	
  half-­‐life	
  (t1/2:	
  25-­‐30	
  days)	
  in	
  humans	
  (Pullman	
  et	
  al.,	
   1948;	
   Rothe	
   and	
   Jacobus,	
   1968).	
   These	
   two	
   facts	
   should	
   be	
   strongly	
  considered,	
   since	
   antischistosomal	
   drugs	
   are	
   used	
  mainly	
   in	
   tropical	
   settings	
  and	
   they	
   are	
   used	
   often	
  without	
   prior	
   diagnosis,	
  which	
   requires	
   a	
   very	
   high	
  safety	
  profile	
  of	
  novel	
  candidates.	
  Hence,	
   I	
  would	
  characterize	
   this	
   lead	
  as	
  an	
  interesting	
   chemical	
   scaffold	
   for	
   further	
   studies	
   but	
   abandon	
   it	
   as	
   a	
   lead	
  candidate	
   itself.	
  On	
   the	
  other	
  hand	
  EP	
  has	
  already	
  been	
  used	
   in	
  clinical	
   trials	
  (Cosgriff	
  et	
  al.,	
  1984),	
  which	
  simplifies	
  the	
  next	
  development	
  steps	
  because	
  of	
  possible	
   repurposing.	
   Nonetheless,	
   from	
   my	
   point	
   of	
   view,	
   the	
   therapeutic	
  benefit	
  over	
  MFQ	
  is	
  not	
  large	
  enough	
  to	
  pursue	
  proof	
  of	
  concept	
  studies.	
  First	
  of	
  all,	
  the	
  conducted	
  PK	
  studies	
  detected	
  an	
  extensive	
  half-­‐life	
  of	
  EP	
  in	
  plasma	
  of	
  S.	
  mansoni	
  infected	
  mice	
  (t	
  ½:	
  7-­‐8	
  days),	
  which	
  is	
  comparable	
  to	
  the	
  extensive	
  the	
   half-­‐life	
   of	
   MFQ.	
   This	
   fact	
   has	
   to	
   be	
   considered	
   with	
   caution,	
   as	
   slow	
  clearance	
  is	
  not	
  desirable	
  if	
  adverse	
  events	
  occur.	
  Additionally	
  EP	
  did	
  not	
  show	
  great	
  superiority	
  with	
  regard	
  to	
  in	
  in	
  vitro	
  and	
  in	
  vivo	
  activity	
  over	
  MFQ,	
  which	
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makes	
   a	
   potential	
   benefit	
   of	
   EP	
   in	
   humans	
   questionable.	
   Furthermore,	
   the	
  activity	
  of	
  EP	
  on	
  the	
  juvenile	
  stage,	
  representing	
  an	
  essential	
  requirement	
  for	
  novel	
  antischistosomal	
  drug	
  candidates	
  (Keiser	
  and	
  Utzinger,	
  2007a),	
  needs	
  to	
  be	
   determined	
   first	
   before	
   being	
   able	
   to	
   make	
   a	
   conclusion	
   whether	
   EP	
  represents	
  a	
  promising	
  drug	
  candidate.	
  	
  
Table	
   1:	
   Stage	
   specific	
   in	
   vivo	
   activities	
   of	
   investigational	
   drugs	
   of	
   interest	
  tested	
  in	
  the	
  framework	
  of	
  this	
  PhD	
  thesis	
  within	
  the	
  S.	
  mansoni	
  mouse	
  model.	
  
Red:	
   lacks	
   activity	
   (WBR	
   <40	
   %);	
   Blue:	
   moderate	
   activity	
   (WBR:	
   40-­‐80%);	
  
Green:	
  good	
  activity	
  (WBR>80%),	
  Grey:	
  data	
  not	
  available.	
  	
  
Compound	
   Dosage	
  
Stage	
  specifity	
  of	
  
investigational	
  drugs	
  	
  
against	
  S.	
  mansoni	
  in	
  mice	
  	
  	
   	
   Juvenile	
  (21	
  –	
  28	
  d)	
   Adult	
  (35	
  –	
  49	
  d)	
  Enpiroline	
   1	
  x	
  200	
  mg/kg	
   	
   82.7%	
  WR7930	
   1	
  x	
  100	
  mg/kg	
   	
   100.0%	
  N’-­‐N’-­‐diarylureas	
   1	
  x	
  400	
  mg/kg	
   	
   52.5%	
  2,3-­‐dianilinoquinoxalines	
   1	
  x	
  400	
  mg/kg	
   	
   40.8%	
  Ozonides	
  (OZ418)	
   1	
  x	
  400	
  mg/kg	
   100.0%	
   80.0%	
  Tetraoxanes	
   1	
  x	
  400	
  mg/kg	
   43.1%	
   75.4%	
  Tricyclic	
  Peroxides	
   1	
  x	
  400	
  mg/kg	
   18.9%	
   82.8%	
  3-­‐alkoxy-­‐1,	
  2-­‐dioxolanes	
   1	
  x	
  400	
  mg/kg	
   0.0%	
   42.5%	
  Cr-­‐Praziquantel	
   1	
  x	
  400	
  mg/kg	
   	
   28.5%	
  	
  
Synthetic	
  Peroxides	
  	
  The	
   3-­‐alkoxy-­‐1,	
   2-­‐dioxolanes	
   do	
   not	
   present	
   as	
   a	
   novel	
   pharmacophor	
   or	
  chemical	
  scaffold,	
  and	
  lack	
  promising	
  in	
  vivo	
  efficacy.	
  In	
  conclusion	
  they	
  should	
  not	
  be	
  prioritized	
  for	
  further	
  preclinical	
  trials.	
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Regarding	
   the	
  diverse	
   set	
  of	
  OZs,	
  optimized	
   in	
  vivo	
  activities	
  on	
  adult	
   (WBR:	
  80%)	
   as	
   well	
   as	
   juvenile	
   (WBR:	
   100%)	
   infections	
  were	
   observed	
   for	
   OZ418	
  against	
   S.	
  mansoni	
   and	
   S.	
  haematobium.	
   OZ418	
   has	
   several	
   important	
   target	
  characteristics	
   of	
   an	
   antischistosomal	
   lead	
   candidate:	
   orally	
   active,	
   stage	
  independent	
  activity	
  and	
  a	
  broad	
  spectrum	
  of	
  activity.	
  Interestingly	
  OZ439,	
  the	
  clinical	
  antimalarial	
  lead	
  candidate,	
  was	
  included	
  in	
  the	
  conducted	
  SAR	
  studies,	
  but	
   lacked	
   good	
   antischistosomal	
   activity.	
   It	
   has	
   been	
   shown	
   before	
   that	
  structural	
   requirements	
   that	
   are	
   mandatory	
   for	
   significant	
   antischistosomal	
  activity,	
   are	
   different	
   from	
   those	
   associated	
   with	
   good	
   antimalarial	
   activity	
  (Xiao	
  et	
  al.,	
  2007).	
  Hence,	
  especially	
  OZ418	
  might	
  serve	
  as	
  a	
  reasonable	
  drug	
  candidate	
   to	
   promote	
   to	
   further	
   studies.	
   The	
   fact	
   that	
   OZs	
   are	
   already	
   far	
  advanced	
   in	
   clinical	
   trials	
   as	
   antimalarials	
   might	
   even	
   be	
   beneficiary	
   for	
  antischistosomal	
  drug	
  development	
  (Charman	
  et	
  al.,	
  2011).	
  On	
  the	
  other	
  hand	
  the	
  potential	
  risk	
  of	
  developing	
  an	
  antischistosomal	
  drug,	
  which	
  could	
  trigger	
  the	
   resistance	
   development	
   of	
   a	
   corresponding	
   antimalarial	
   drug	
   has	
   to	
   be	
  considered	
  carefully.	
  The	
   investigation	
   of	
   three	
   new	
   peroxidic	
   classes	
   (tetraoxanes,	
   tricyclic	
  monoperoxides	
   and	
   alphaperoxides)	
   revealed	
   great	
   in	
   vitro	
   activity	
   on	
   the	
  schistosomular	
   stage,	
   but	
   decreased	
   susceptibility	
   on	
   the	
   adult	
   stage.	
  Surprisingly,	
  in	
  vivo	
  we	
  only	
  observed	
  good	
  activity	
  of	
  one	
  tetraoxane	
  and	
  one	
  tricyclic	
   monoperoxides	
   on	
   the	
   adult	
   stage	
   but	
   they	
   lacked	
   activity	
   on	
   the	
  juvenile	
  infection	
  in	
  vivo.	
  Interestingly	
  the	
  most	
  active	
  tetraoxane	
  presented	
  an	
  adamantan	
   residue,	
   as	
   was	
   already	
   observed	
   for	
   the	
   ozonides,	
   which	
   was	
  explained	
   by	
   their	
   improved	
   bioavailability	
   (Vennerstrom	
   et	
   al.,	
   2004).	
   The	
  observation	
  that	
  very	
  good	
  PK	
  profiles	
  are	
  needed	
  for	
  in	
  vivo	
  activity	
  emerged	
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in	
   nearly	
   all	
   projects	
   conducted	
   in	
   this	
   thesis,	
   underlining	
   the	
   importance	
   of	
  early	
   PK	
   studies.	
   Both	
   lead	
   candidates	
   represent	
   new	
   chemical	
   scaffolds	
  (tetraoxanes,	
   tricyclic	
   monoperoxides)	
   but	
   have	
   limitations	
   (they	
   are	
  moderately	
  cytotoxic)	
  as	
  well	
  as	
  being	
  highly	
  investigational	
  drugs.	
  Hence	
  lots	
  of	
  efforts	
  and	
  funding	
  will	
  be	
  needed	
  to	
  overcome	
  these	
  limitations	
  in	
  order	
  to	
  aim	
  for	
  a	
  potent	
  non-­‐toxic	
  tetraoxane	
  or	
  monoperoxidic	
  drug	
  candidate	
  in	
  the	
  near	
  future.	
  	
  
Praziquantel	
  derivatives	
  The	
   third	
   major	
   chemical	
   class	
   studied	
   in	
   the	
   framework	
   of	
   my	
   PhD	
   thesis	
  represents	
   organometallic	
   derivatives	
   of	
   PZQ.	
   This	
   interesting	
   approach	
   of	
  derivatizing	
  PZQ	
  has	
  not	
  been	
  attempted	
  before.	
  Unfortunately	
  no	
  satisfying	
  in	
  vivo	
  results	
  were	
  observed	
  despite	
  good	
  in	
  vitro	
  performance	
  of	
  the	
  chromium	
  derivatives	
  against	
  adult	
  worms.	
  In	
  summary,	
  this	
  class	
  would	
  have	
  to	
  compete	
  with	
  the	
  parent	
  drug	
  PZQ,	
  offering	
  additional	
  benefits	
  in	
  terms	
  of	
  efficacy,	
  MOA	
  etc.	
   However	
   this	
   is	
   not	
   the	
   case	
   at	
   the	
   moment.	
   Further	
   structural	
  modifications	
   of	
   the	
   active	
   chromium	
   derivatives	
  might	
   lead	
   to	
   improved	
   in	
  vivo	
  activity.	
  Additionally	
  the	
  reason	
  for	
  the	
  in	
  great	
  vitro	
  -­‐	
  in	
  vivo	
  discrepancy	
  should	
  be	
  studied	
   further.	
  Plasma	
  stability	
  has	
  successfully	
  been	
   investigated	
  in	
   metabolic	
   in	
   vitro	
   studies	
   using	
   human	
   liver	
   microsomes	
   (unpublished	
  results).	
  Studying	
  the	
  oral	
  bioavailability	
  of	
  these	
  compounds,	
  with	
  PK	
  profiling	
  and	
   applying	
   alternative	
   administration	
   routes	
   such	
   as	
   i.v.	
   or	
   i.p.	
   could	
   give	
  further	
   insights.	
   Finally,	
   it	
  would	
  be	
   interesting	
   to	
   study	
   the	
   activity	
  of	
   these	
  PZQ	
   derivatives	
   against	
   juvenile	
   Schistosoma	
   stages	
   and	
   elucidate	
   a	
   possible	
  MOA	
  expansion	
  compared	
  to	
  PZQ.	
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N’-­‐N’-­‐diarylureas	
  and	
  2,3-­‐dianilinoquinoxalines	
  By	
   screening	
   the	
   open	
   access	
   MMV	
   Box	
   in	
   collaboration	
   with	
   MMV,	
   it	
   was	
  possible	
  to	
  identify	
  two	
  completely	
  novel	
  chemical	
  scaffolds	
  (N’-­‐N’-­‐diarylureas	
  and	
  2,3-­‐dianininoquinoxalines)	
  as	
  early	
  leads.	
  In	
  comparison	
  to	
  the	
  other	
  lead	
  identification	
   and	
   SAR	
   studies	
   that	
   we	
   conducted,	
   we	
   aimed	
   to	
   elucidate	
  entirely	
   new	
   chemical	
   scaffolds.	
   In	
   recent	
   years	
   well-­‐characterized,	
   novel	
  chemical	
   scaffolds	
   have	
   rarely	
   been	
   presented	
   in	
   antischistosomal	
   drug	
  research.	
   Therefore	
   the	
  moderate	
   in	
   vivo	
   efficacies	
   that	
  were	
   observed	
  with	
  the	
   N’-­‐N’-­‐diarylureas	
   and	
   2,3-­‐dianininoquinoxalines	
   were	
   satisfactory,	
   since	
  interesting	
   early	
   leads	
   do	
   not	
   have	
   to	
   present	
   all	
   antischistosomal	
   target	
  product	
  profile	
  properties	
  yet	
  (i.e.	
  high	
  in	
  vivo	
  activities	
  following	
  a	
  single	
  oral	
  dose)	
   (Keiser	
   and	
   Utzinger,	
   2007a).	
  With	
   excellent	
   in	
   vitro	
   activity	
   on	
   adult	
  schistosomes	
   and	
   oral	
   activity	
   in	
   the	
  mouse	
  model,	
   both	
   scaffolds	
   represent	
  exciting	
  starting	
  points	
  for	
  further	
  optimization.	
  However	
  the	
  N’-­‐N’	
  diarylureas	
  class	
  might	
  be	
  more	
  promising,	
  because	
  of	
  its’	
  very	
  easy	
  chemistry	
  and	
  slightly	
  better	
   in	
   vivo	
   effects.	
   Next	
   development	
   steps	
   should	
   involve	
   efforts	
   to	
  elucidate	
  derivatives	
  presenting	
  decreased	
  plasma	
  protein	
  binding	
  in	
  vivo,	
  and	
  to	
  investigate	
  the	
  potential	
  of	
  these	
  classes	
  on	
  juvenile	
  Schistosoma	
  infections.	
  	
  
4. PK	
  studies	
  with	
  antischistosomal	
  drugs	
  Earlier	
   studies	
   documented	
   that	
   the	
   involvement	
   of	
   liver	
   and	
   intestine	
   or	
  genitourinary	
   tract	
   during	
   chronic	
   schistosomiasis	
   infections	
   do	
   alter	
  pharmacokinetics	
   (absorption,	
   distribution,	
   metabolism	
   and	
   elimination	
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(ADME))	
   of	
   administered	
  medications	
   (Wilby	
   et	
   al.,	
   2013).	
   Knowledge	
   about	
  the	
   impact	
   of	
   the	
   infection	
   on	
   PK	
   is	
   especially	
   interesting	
   since	
   access	
   to	
  medications	
   in	
   general	
   and	
   antischistosomal	
   treatment	
   is	
   increasing	
   in	
  endemic	
  schistosomiasis	
   regions	
  worldwide	
   (WHO,	
  2013;	
  Wilby	
  et	
  al.,	
  2013).	
  Studies	
  with	
  PZQ	
  reported	
  increased	
  AUCs	
  and	
  cmax	
  as	
  well	
  as	
  slower	
  clearance,	
  resulting	
  in	
  altered	
  clinical	
  effects	
  such	
  as	
  an	
  increase	
  in	
  adverse	
  side	
  effects	
  (el	
  Guiniady	
   et	
   al.,	
   1994;	
   Mandour	
   et	
   al.,	
   1990;	
   Watt	
   et	
   al.,	
   1988;	
   Wilby	
   et	
   al.,	
  2013).	
   PK	
   parameter	
   changes	
   of	
   PZQ	
   seemed	
   to	
   be	
   in	
   line	
  with	
   the	
   stage	
   of	
  hepatic	
  insufficiency	
  (el	
  Guiniady	
  et	
  al.,	
  1994).	
  Similar	
  patterns	
  were	
  observed	
  within	
  our	
  PK	
  studies	
  of	
  MFQ	
  and	
  EP,	
  both	
  drugs	
  showed	
  extensive	
  half-­‐lives	
  and	
  AUCs,	
  presenting	
  slow	
  drug	
  clearance.	
  The	
   late	
  onset	
  of	
  action	
  of	
  EP	
  and	
  MFQ	
  was	
   in	
   line	
   with	
   the	
   long	
   half-­‐life	
   of	
   both	
   drugs.	
   Probably,	
   a	
   long	
   time	
  period	
  of	
  drug	
  exposure	
  in	
  the	
  infected	
  animals	
  is	
  necessary	
  for	
  EP	
  and	
  MFQ	
  to	
  unfold	
   their	
   activity	
   instead	
   of	
   reaching	
   high	
   cmax	
   levels,	
   hinting	
   to	
   an	
   AUC	
  dependent	
  in	
  vivo	
  activity.	
  	
  Especially	
   co-­‐endemic	
   regions	
   should	
  be	
   considered	
   for	
   thorough	
  PK	
  studies,	
  since	
   decreased	
   drug	
   clearance	
   of	
   administered	
   antimalarials	
   caused	
   by	
  schistosomiasis	
  infections	
  can	
  have	
  great	
  impact	
  on	
  the	
  clinical	
  outcome,	
  such	
  as	
  resistance	
  development	
  and	
  adverse	
  effects.	
  To	
  date	
  only	
  limited	
  numbers	
  of	
  studies	
   have	
   been	
   conducted	
   with	
   small	
   numbers	
   of	
   patients	
   enrolled.	
  Knowledge	
   about	
   the	
   PK-­‐PD	
   relationships	
   would	
   improve	
   antischistosomal	
  drug	
   discovery	
   (Wilby	
   et	
   al.,	
   2013).	
   The	
   next	
   step	
   would	
   be	
   to	
   conduct	
  population	
   based	
   PK	
   studies,	
   which	
   might	
   increase	
   our	
   knowledge	
   on	
   the	
  employed	
   chemotherapy.	
   PK	
   studies	
   on	
   anthelmintics	
   in	
   infected	
   individuals	
  are	
   especially	
   interesting	
   since	
   target	
   groups	
   are	
   mainly	
   children,	
   which	
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possess	
  an	
  altered	
  metabolism.	
  As	
  antischistosomal	
  drug	
  discovery	
  gains	
  more	
  focus	
  and	
   funding,	
  promising	
  compounds	
  will	
  begin	
  accumulating	
  at	
   the	
  very	
  early	
   stages	
   of	
   drug	
   discovery.	
   Hence,	
   drug	
   development	
   should	
   particularly	
  aim	
  to	
   fund	
  resource-­‐intensive	
   lead-­‐optimization	
  chemistry	
  as	
  well	
  as	
   in	
  vivo	
  PK	
  studies	
  (Renslo	
  and	
  McKerrow,	
  2006).	
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2 Conclusion	
  
This	
  thesis	
  aimed	
  to	
  accelerate	
  antischistosomal	
  drug	
  discovery	
  by	
  improving	
  and	
   implementing	
   a	
   solid	
   screening	
   cascade	
   and	
   by	
   boosting	
   the	
  antischistosomal	
  drug	
  pipeline	
  with	
  new	
  candidates	
  and	
  chemical	
  scaffolds.	
  	
  The	
  following	
  improvements	
  to	
  the	
  screening	
  process	
  were	
  achieved.	
  Activity	
  observed	
   following	
   short-­‐term	
   in	
   vitro	
   drug	
   exposure	
   on	
   adult	
   schistosomes	
  was	
  found	
  to	
  be	
  the	
  best	
  in	
  vitro	
  parameter	
  correlating	
  with	
  in	
  vivo	
  outcome.	
  Primary	
  schistosomula	
  screenings	
  were	
  confirmed	
  as	
  very	
  useful	
  however,	
  due	
  to	
  varying	
  stage	
  susceptibilities,	
   the	
  definition	
  of	
  cutoffs	
  has	
  to	
  be	
  considered	
  carefully	
   in	
   order	
   to	
   assure	
   balanced	
   hit-­‐rates	
   on	
   the	
   adult	
   secondary	
  screening.	
   S.	
  haematobium	
   schistosomula	
   were	
   successfully	
   introduced	
   as	
  potential	
   drug	
   screening	
   material,	
   but	
   no	
   alternative	
   readouts	
   in	
   terms	
   of	
  colorimetric	
  markers	
  showed	
  promising	
  results.	
  The	
   second	
   major	
   aim	
   of	
   the	
   thesis	
   was	
   to	
   identify	
   and	
   characterize	
   new	
  antischistosomal	
   lead	
   candidates	
   and	
   chemical	
   scaffolds.	
   Overall	
   compounds	
  with	
   antimalarial	
   activity	
   have	
   proven	
   to	
   be	
   promising	
   and	
   fruitful	
   starting	
  points	
   for	
   antischistosomal	
   drug	
   discovery.	
   Amongst	
   all	
   antimalarials,	
  synthetic	
   peroxides	
   and	
   praziquantel	
   derivatives	
   tested,	
   EP	
   (4-­‐pyridinemethanol)	
   and	
   OZ418	
   (ozonide)	
   presented	
   the	
   most	
   potential	
   and	
  fulfilled	
   the	
  most	
   requirements	
   for	
  promising	
  drug	
   lead	
  candidates.	
  However	
  EP	
  has	
  to	
  prove	
  superior	
  efficacy	
  or	
  drug	
  properties	
  over	
  MFQ	
  before	
  further	
  clinical	
   assessment	
   should	
   be	
   launched.	
   The	
   use	
   of	
   both	
   compounds	
   as	
  antischistosomal	
   drugs	
   must	
   always	
   be	
   carefully	
   considered	
   in	
   terms	
   of	
  possible	
   consequences	
   for	
   antimalarial	
   treatment.	
   The	
   4-­‐quinolinemethanols	
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were	
   proven	
   to	
   interact	
   with	
   the	
   hemoglobin	
   pathway	
   of	
   schistosomes.	
   The	
  main	
  mechanism	
  of	
  activation	
   for	
   synthetic	
  peroxides	
  was	
   shown	
   to	
  be	
  most	
  likely	
  iron	
  independent.	
  Further	
  studies	
  should	
  be	
  launched	
  to	
  investigate	
  the	
  mechanism	
   of	
   action	
   in	
   more	
   detail.	
   Two	
   entirely	
   new	
   scaffolds,	
   the	
   N’-­‐N’-­‐diaryureas	
   and	
   2,3-­‐dianilinoquinoxalines,	
   were	
   identified	
   and	
   further	
   lead	
  optimization	
  studies	
  should	
  be	
  launched	
  .	
  	
  Importantly	
  the	
  extensive	
  impact	
  of	
  schistosomiasis	
  infections	
  on	
  drug	
  profiles	
  was	
  presented	
  for	
  EP	
  and	
  MFQ.	
  Chronic	
  S.	
  mansoni	
  infections	
  led	
  to	
  slowed	
  in	
  vivo	
   drug	
   clearance.	
   Hence,	
   additional	
   PK	
   studies	
   are	
   warranted	
   and	
   would	
  offer	
  new	
  opportunities	
  for	
  a	
  highly	
  interesting	
  research	
  area. 
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Katrin	
  Jane	
  Ingram-­‐Sieber	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  Date	
  of	
  birth:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  08.12.1983	
  	
  	
  Place	
  of	
  birth:	
   Worms	
  Nationality:	
   German	
  Adress:	
   Gleimstrasse	
  51,	
  10437	
  Berlin,	
  Germany	
  	
  
Work	
  Experience	
  05/2010	
  –	
  today	
   PhD	
   student	
   at	
   Swiss	
   Tropical	
   and	
   Public	
   Health	
   Institute,	
  
Basel	
  Thesis	
  Title:	
  	
   “Accelerating	
   antischistosomal	
   drug	
   discovery:	
  Preclinical	
   studies	
   of	
   antimalarials,	
   synthetic	
   peroxides	
   and	
  praziquantel	
  derivatives”	
  Supervised	
  by:	
  Prof.	
  Dr.	
  Jennifer	
  Keiser	
  	
   Collaborations:	
   N.	
   D.	
   Zelinsky	
   Institute	
   of	
   Organic	
   Chemistry/	
  University	
   of	
   Zürich/	
   University	
   of	
   Sydney/	
   University	
   of	
  Nebraska/	
  Walter	
  Reed	
  Army	
  Institute	
  	
   Additional	
  activities:	
  Supervision	
  of	
  Master	
  students	
  	
  05/2009	
  –	
  11/2009	
   Scientific	
   assistant	
   at	
   UniversitätsSpital	
   Zürich,	
   Clinic	
   for	
  
Clinical	
  Pharmacology	
  and	
  Toxicology	
  2nd	
   half	
   of	
   Practical	
   Year,	
   Staff	
   of	
   Centre	
   for	
   Pharmacovigilance,	
  pharmaceutical	
  information	
  center	
  for	
  physicians,	
  	
   	
  Director	
  of	
  clinic:	
  Prof.	
  Dr.	
  med.	
  G.	
  Kullak-­‐Ublick	
  	
  11/2009	
  -­‐	
  09/2010	
  	
  	
  	
  	
  	
  	
  	
  	
   Scientific	
  author	
  for	
  “Apotheke+Marketing”	
  	
  writing	
  certificated	
  further	
  education	
  articles:	
  	
  „Rheumatoide	
  Arthrithis,	
  der	
  Wirkstoff	
  Tocilizumab“	
  	
  „Weniger	
  Flush	
  unter	
  Niacin-­‐Kombinationstherapie”	
  
	
  11/2008	
  –	
  05/2009	
   Pharmaceutical	
  intern	
  at	
  Pinocchio	
  Apotheke;	
  Freiburg	
  1st	
  half	
  of	
  Practical	
  Year	
  	
  Familiarization	
  with	
  all	
  areas	
  of	
  the	
  pharmacy	
  operations	
  owner:	
  E.	
  Hoffmann-­‐Lang	
  	
  
Education	
  12/2009	
   License	
  to	
  practice	
  pharmacy	
  Regional	
  council	
  Stuttgart,	
  Baden-­‐Württemberg	
  (3rd	
  state	
  examination;	
  average	
  grade:	
  1,0	
  (A))	
  	
  09/2004	
  -­‐	
  09/2008	
   Studies	
  of	
  Pharmacy	
  at	
  Ruprecht-­‐Karls-­‐Universität	
  Heidelberg	
   	
   	
  (2nd	
  state	
  examination;	
  average	
  grade:	
  1,2	
  (A))	
  	
  10/2007	
  –	
  02/2008	
   Tutor	
  in	
  “Instrumental	
  Analytics	
  for	
  pharmacy	
  students“	
  	
   at	
  the	
  Ruprecht-­‐Karls-­‐Universität	
  Heidelberg	
  	
  06/2007	
  -­‐	
  09/2007	
   Research	
  internship	
  at	
  Pharmacology	
  department	
  at	
  School	
  of	
  Pharmacy,	
  London	
  research	
  topic:	
  “Phosphorylation	
  of	
  GST-­‐fusion	
  proteins	
  of	
  GABAA	
  receptor	
  subunits	
  by	
  PKG”;	
  supervisor:	
  Prof.	
  J.	
  Jovanovic	
  	
  09/2007	
   	
   	
  	
  	
  	
  	
  	
  1st	
  state	
  examination	
  in	
  Pharmacy,	
  average	
  grade:	
  2,	
  0	
  (B)	
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02/2007	
  –	
  03/2007	
   	
  Internship	
  at	
  Universitätsklinikum	
  Heidelberg	
  at	
  department	
  for	
  Clinical	
  Pharmacy,	
  research	
  topic:	
  „Prioritising	
  the	
  prevention	
  of	
  medication	
  handling	
  errors“	
  (PMID:	
  18787975)	
  	
  08/2006	
   	
   Internship	
  at	
  Bayer	
  HealthCare,	
  	
  Leverkusen	
  department:	
  Pharmaceuticals	
  
	
  1994	
  -­‐	
  2003	
   	
   Gymnasium	
  Hemsbach	
  A-­‐levels,	
  average	
  grade	
  1,	
  4	
  (A)	
  	
  Others	
   	
   	
   Introductory	
  Course	
  in	
  Laboratory	
  Animal	
  Science,	
  Zürich	
  2010	
  	
  
International	
  Experience	
  07/2003	
  –	
  05/2004	
   stay	
  abroad	
  in	
  Australia	
  	
  Combination	
  of	
  travelling	
  and	
  working	
  (with	
  Working	
  Holiday	
  Visa)	
  08/2003	
  –	
  10/2003	
   Staff	
  at	
  NOSH	
  Recruitments,	
  Sydney	
  01/2004	
  -­‐	
  04/2004	
   Office	
   Assistant	
   at	
   Travellers	
   Auto	
   Barn,	
  
Sydney	
  (car	
  rental	
  and	
  sell	
  agency)	
  
Other	
  Skills	
  Languages	
   	
   English	
  	
   (fluent)	
  
French	
  	
  	
   (good	
  knowledge)	
  
Swedish	
   (basic	
  knowledge)	
  	
  IT	
   	
   	
   Statsdirect,	
  R,	
  MS	
  Word,	
  Excel,	
  Power	
  Point	
  	
  
Presentations	
  04/2013	
   Research	
   seminar,	
   Swiss	
   Tropical	
   and	
   Public	
   Health	
   Institute,	
  “Investigation	
   of	
   antimalarial	
   compounds	
   for	
   the	
   treatment	
   of	
  schistosomiasis”,	
  Basel,	
  Switzerland	
  	
  12/2012	
   Swiss	
  Society	
  of	
  Tropical	
  Medicine	
  and	
  Parasitology	
  (SSTMP),	
  Student	
  Meeting,	
  Bern,	
  Switzerland	
  	
  11/2012	
   The	
  American	
  Society	
  of	
  Tropical	
  Medicine	
  and	
  Hygiene	
  (ASTMH)	
  61st	
  ASTMH	
  Meeting,	
  Atlanta,	
  USA	
  	
  11/2012	
   Symposium	
   of	
   the	
   British	
   Society	
   of	
   Parasitology	
   (BSP):	
   Emerging	
  Paradigms	
  in	
  Anti-­‐Infective	
  Drug	
  Design	
  (Poster),	
  London,	
  UK	
  	
  12/2011	
  	
   Swiss	
   Society	
   of	
   Tropical	
   Medecine	
   and	
   Parasitology	
   (SSTMP),	
  Student	
  Meeting,	
  Basel,	
  Switzerland	
  	
  09/2011	
  	
   BioValley	
  Science	
  Day	
  (Poster),	
  Basel,	
  Switzerland	
  	
  	
  12/2010	
   Swiss	
  Society	
  of	
  Tropical	
  Medicine	
  and	
  Parasitology	
  (SSTMP),	
  Student	
  meeting,	
  Spiez,	
  Switzerland	
  	
  
List	
  of	
  Publications	
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  M,	
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  2014	
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